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THE  USE  OF  ION  IMPLANTATION  POT.  MATERIALS  PROCESSING 


Preface  -  F.  A.  Smidt 


This  report  is  the  second  in  a  series  of  Semi-annual  Progress  Reports  of  work 
conducted  at  the  Naval  Research  Laboratory  (NRL)  on  the  use  of  ion  implantation  for 
materials  processing.  The  objective  of  the  programs  is  to  develop  ion  implantation  for 
materials  processing  applications  and  to  provide  the  fundamental  understanding  of  the 
implantation  processes  and  the  changes  produced  in  the  surface  so  as  to  confidently 
utilize  the  technology. 

The  work  reported  here  represents  a  coordinated  effort  in  three  divisions  at 
NRL,  the  Condensed  Matter  and  Radiation  Sciences  Division  (Code  6600),  the 
Chemistry  Division  (Code  6100)  and  the  Material  Science  and  Technology  Division 
(Code  6300).  The  work  is  coordinated  through  the  Ion  Implantation  Steering  Com¬ 
mittee  consisting  of  Dr.  J.  K.  Hirvonen  (Code  6670),  Dr.  J.  N.  Butler  (Code  6670),  Dr. 
N.  L.  Jarvis  (Code  6170),  Dr.  B.  B.  Rath  (Code  6320),  and  Dr.  F.  A.  Smidt  (Code  6004), 
Chairman.  The  work  includes  both  in-house  basic  research  conducted  under  the 
auspices  of  the  Office  of  Naval  Research  and  applied  research  performed  for  several 
Navy  and  DOD  sponsors  (NAVAIR,  DARPA,  NAVMAT,  AFML,  SSPO,  NAVSEA). 

The  purpose  of  this  report  is  to  make  available  in  one  source  the  results  from  all 
studies  at  NRL  related  to  the  use  of  ion  implatation  for  materials  processing  so  as  to 
provide  a  more  comprehensive  picture  of  the  scope  and  interrelationship  of  the 
research.  The  report  consists  of  four  sections  describing  the  research  and  a 
cumulative  bibliography  of  published  papers  and  reports. 
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SEMI-ANNUAL  PROGRESS  REPORT  FOR  THE  PERIOD 
1  APRIL  1980  -  30  SEPTEMBER  1980 

SUMMARY 

I.  ION  IMPLANTATION  SCIENCE  AND  TECHNOLOGY 

Research  reported  in  this  section  contributes  to  our  general  understanding  of  the 
ion  implantation  process  and  the  development  and  refinement  of  techniques  for  ion 
implantation  processing. 

A.  Production  of  High  Current  Metal  Ion  Beams 

J.  K.  Hirvonen,  C.  A.  Carosella  and  G.  K.  Hubler 


A  sputter-type  ion  source  is  sometimes  used  for  production  of  ion  beams  with 
metal  ions  that  do  not  form  gaseous  compounds  and  which  require  very  high 
temperatures  for  volatilization.  This  contribution  reports  the  experience  with  the 
internal  chlorination  technique  with  a  Freeman-type  source  on  the  NRL  Varian/Ext- 
rion  Model  200-20  A2F  ion  implanter.  This  technique  has  the  advanage  of  producing 
generally  higher  currents  than  sputter  sources  but  has  the  disadvantage  of  corrosion 
produced  by  the  chlorine  gas.  The  procedure  used  at  NRL  consists  of  placing  finely 
divided  pieces  of  the  ion  source  feedstock  metal  into  a  chlorination  chamber  made 
from  graphite  and  admitting  chlorine  gas  to  a  pressure  of  about  2  x  10  b  torr.  The 
chlorine  gas  forms  a  plasma  discharge  under  the  action  of  a  filament  and  an  electric 
field.  The  chlorine  then  reacts  with  the  hot  metal  feedstock  to  form  volatile 
chlorides,  which  are  in  turn  ionized  in  the  plasma.  The  technique  allows  the 
production  of  a  variety  of  metal  ions  (i.e.,  Al,  Ti,  Cr,  Ni,  Cu,  Mo,  Ta),  spanning  a  wide 
range  of  melting  points  and  chemical  reactivities,  with  current  intensities  of  hundreds 
of  microamperes. 


B.  Sputtering  Observations  During  Binary  Alloy  Production  by  Ion  Implantation 


G.  William  Reynolds,  A.  R.  Knudson  and  C.'  R.  Gossett 


Surface  sputtering  during  ion  implantation  was  monitored  by  measuring  the 
intensity  of  optical  photon  emission  from  the  excited  neutrals  leaving  the  surface  of 
the  sample.  Emission  from  both  the  implanted  species  and  the  substrate  species  was 
monitored  throughout  the  implantation  and  has  been  compared  with  the  change  in  the 
surface  atomic  fraction  for  each  species  predicted  by  a  model  of  the  sputtering 
process.  Profile  measurements  of  the  implanted  species  were  made  after  implanta¬ 
tions  and  the  profiles  were  compared  with  predictions  of  the  modeL  The  binary 
systems  Cr  implanted  into  Fe  and  Cu  implanted  into  Al  were  the  subject  of  the 
investigation.  The  observations  show  a  strong  correlation  between  intensity  of  the 
optical  emission  from  the  sputtered  species  and  surface  atomic  fraction  and  confirm 
that  a  surface  layer  of  approximately  twice  the  mean  range  of  the  implanted  species 
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needs  to  be  sputtered  from  the  surface  to  reach  a  steady  state  condition  during  ion 
implantation. 

C.  Sputter  Distortion  of  Implantation  Profiles 


I.  Manning 

Distortion  of  the  implanted  ion  profile  due  to  the  sputter  erosion  of  the  target 
surface  was  examined.  This  effect  is  expected  to  be  the  dominant  factor  in  high 
fluence  implantations.  The  effect  was  investigated  by  considering  the  distortion  of 
the  Gaussian  range  distribution  for  implanted  ions  as  a  function  of  various  sputtering 
parameters. 

D.  Computer  Simulations  of  Ion  Implantations 

M.  Rosen  and  G.  P.  Mueller 

Two  phenomena  are  under  investigation  using  computer  simulations  of  ion 
implantations,  ion  beam  interface  mixing  and  sputtering.  The  mechanism  of  ion  beam 
interface  mixing  in  which  a  thin  surface  film  is  mixed  into  the  substrate  by  ion 
implantation  is  being  investigated  as  a  means  to  circumvent  the  concentration  limit 
imposed  by  sputtering  for  direct  implantation.  The  role  of  recoil  implantation  and 
diffusion  in  the  mixing  process  are  under  investigation.  The  sputtering  investigation 
involves  the  use  of  the  binary  simulation  code  MARLOWE  to  study  parameters  which 
influence  sputtering  and  the  comparison  of  these  results  with  experimental  data 
obtained  by  another  NRL  research  group. 

II.  WEAR  AND  FATIGUE 

Research  reported  in  this  section  involves  the  application  of  ion  implantation 
processing  to  the  improvement  of  wear  and  fatigue  properties  of  surfaces  and 
fundamental  investigations  conducted  to  improve  our  understanding  of  the  effects. 

A.  Abrasive  Wear  Resistance  of  Titanium  and  Nitrogen-Implanted  52100  Steel 

Surfaces 


I.  L.  Singer,  R.  N.  Bolster  and  C.  A.  Carosella 

The  wear  resistance  of  titanium-  and  nitrogen-implanted  52100  bearing  steels 
was  measured  by  an  abrasive  wear  technique  with  a  depth  resolution  of  20-30  nm. 
Titanium-implanted  surfaces  were  extremely  resistant  to  wear  against  fine  (1-5  iim) 
diamond  abrasion,  which  suggests  a  very  hard  surface  layer.  Nitrogen-implanted 
surfaces,  by  contrast,  wore  at  the  same  rate  as  non-implanted  surfaces.  Wear 
resistance  versus  depth  profiles  of  titanium-implanted  surfaces  followed  the  concen¬ 
tration  versus  depth  profile  of  the  implanted  titanium.  Auger  depth  profiles  indicated 
a  large  concentration  of  carbon  (~20  at.%  maximum)  distributed  with  a  diffusion-like 
profile  from  the  titanium-implanted  surface  into  the  bulk.  The  carbon  was  identified 
by  Auger  line  shape  analysis  as  a  titanium  carbide,  and  the  wear  resistance  of  the 
surface  was  attributed  in  part  to  its  presence. 

B.  Friction  Behavior  of  52100  Steel  Modified  by  Ion  Implanted  Ti 

I.  L.  Singer,  C.  A.  Carosella  and  J.  R.  Reed 


I 


Friction  measurements  (low  speed,  dry  sliding)  wereg  performed  on  52100  steel 
implanted  with  Ti  to  fluences  between  5  and  50  x  101  cm  .  Auger  analysis  and 
transmission  electron  microscopy  (TEM)  were  used  to  identify  the  composition  and 
microstructure  of  the  implanted  surfaces.  At  highest  fluence,  implanted  disk/non- 
implanted  couples  had  a  friction  coefficient  of  &.  =  0.38,  compared  tofz.  =  0.62  for 
nonimplanted  couples;  moreover,  the  implanted  surface  resisted  scarring.  The  surface 
ccwataine<L  in  addition  to  Fe  and  Ti,  an  excess  quantity  of  a  carbide  form  of  C  (8  x 
10lbC/cnrr)  which  extended  150  nm  into  the  surface  with  a  diffusion-like  profile.  TEM 
detected  only  non-crystalline  material  in  a  thinned  implanted  foil,  suggesting  the 
surface  layer  was  amorphous.  At  lower  fluences,  16  x  10IBTi/cm  ,  the  implanted  steel 
displayed  extremely  high  friction  (U  -  0.9)  before  the  surface  wore  through  and  the 
frjgtion  returned  to  itSjgonim[Jantea  value.  Excess  carbon  concentrations  were  2  x 
101DC/cni  and  0.2  x  10  °C/cm  ,  respectively.  The  near  surface  Ti  and  C  concentra¬ 
tions  were  nearly  equal  at  the  metal/metal  oxide  interface  for  higher  fluence 
implants.  A  model  for  C  gettering  by  exposed  surface  Ti  is  supported  by  these  results. 


C.  Surface  Morphologies  Produced  by  Ion  Milling  on  Ion-Implanted  I8Cr8Ni  Steels 
I.  L.  Singer 


Microstructures  of  ion-implanted  18Cr8Ni  steel  surfaces  were  examined  using  a 
metallographic  approach  i.e.,  et^hin^  and+optic^l  microscopy.  Poli^fied^urfaces  were 
implanted  with  selected  ions  (Ti  ,  N  ,  Ar  ,  Ne  )  to  high  doses  (  10l/fcm  ),  then  Ar  ion 
milled  stepwise  to  beyond  the  implantation  depth.  Miehelson  interferograms  showed 
that  the  implanted  surfaces  were  etched  at  the  same  rate  as  non-implanted  surfaces. 
Several  implanted  surfaces,  nonetheless,  developed  unique  etch  features.  On  most 
surfaces,  large  (50-100  U  m)  austenitic  grains  became  visible  after  etching  to  a  depth  of 
about  60  nm.  Ti-implanted  surfaces,  however,  showed  no  grain  relief  until  a  depth  of 
240  nm,  well  beyond  the  jmplante^j  ion  range  (R  ~  60  nm).  Individual  grains  on 
nonimplanted  as  well  as  Ne  and  Ar  implanted  surraces  etched  with  a  rough  texture. 
On  the  N-implanted  surfaces,  however,  grains  remained  smooth  until  etched  to  a  depth 
well  beyond  the  implanted  region.  The  absence  of  grain  relief  on  etching  a  Ti- 
implanted  surface  is  ascribed  to  isotropic  sputtering  from  an  amorphous  surface.  The 
absence  of  grain  roughness  on  etching  N-implanted  surfaces  may  be  due  to  locally 
isotropic  sputtering  from  a  reacted,  e.g.,  nitrided,  surface  layer,  or  from  a  more  stable 
microstructure,  e.g.,  nitrogen-stabilized  austenite. 

D.  The  Effect  of  Ion  Implantation  on  Fatigue  Life  in  Ti-6A1-4V 

R.  G.  Vardiman  and  R.  A.  Kant 


Ion  implantation  of  the  alloy  Ti-6A1-4V  with  carbon  and  nitrogen  ions  has  been 
found  to  produce  a  microstructure  which  contains  fine  precipitates  of  TiC  and  TiN 
respectively.  Rotating  beam  fatigue  tests  show  improved  fatigue  life  for  both 
implants.  The  superior  carbon  implantation  gives  a  20%  increase  in  endurance  limit 
and  a  factor  of  four  to  five-increase  inJifetime  over  unimplanted  material  at  higher 
stresses.  A  dose  of  1  x  Hr  atoms/cnn  is  required  to  obtain  the  maximum  effect. 
Fatigue  cracks  have  been  observed  to  originate  pp  to  150  U  m  below  the  surface, 
indicating  a  complex  interaction  between  the  implanted  laver  and  the  fatigue  failure 
process. 


III.  CORROSION 

Research  reported  in  this  section  involves  the  application  of  ion  implantation 
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processing  to  improvement  of  the  corrosion  resistance  of  surfaces  and  fundamental 
investigaions  conducted  to  improve  our  understanding  of  the  effects. 

A.  Ion  Implantation  of  Bearings  for  Improvement  of  Corrosion  Resistance 

R.  Valori  and  G.  K.  Hubler 

The  results  of  a  program  to  use  ion  implantation  to  improve  the  tribological  and 
corrosion  characteristics  of  load  bearing  surfaces  in  both  rolling  element  bearings  and 
gears  used  in  aircraft  propulsion  systems  are  reported.  This  contribution  describes 
that  aspect  of  the  program  concerned  with  the  use  of  ion  implantation  for  surface 
alloying  of  bearing  components  in  order  to  alleviate  the  problem  of  corrosion  in  costly 
M50  steel  mainshaft  aircraft  engine  bearings.  Results  to  date  indicate  that  implanta¬ 
tion  of  selected  ion  species  can  significantly  improve  resistance  to  both  generalized 
and  localized  (pitting)  corrosion  without  adversely  affecting  bearing  performance  or 
fatigue  endurance  life. 

8.  The  Corrosion  Behavior  and  Rutherford  Back-Scattering  Analysis  of  Palladium- 

Implanted  Titanium 

G.  K.  Hubler  and  E.  McCafferty 

The  corrosion  behavior  of  Pd-implanted  Ti  in  boiling  1M  H„SO.  has  been 
investigated  by  means  of  high  resolution  Rutherford  backscattering  (pfesr  profiles  of 
the  Pd  concentration  as  a  function  of  corrosion  time,  and  by  electrochemical  methods 
consisting  of  corrosion  potential  vs  time  curves  and  potentiostatic  polarization  data. 
Employing  ion-implanted  Xe  as  a  surface  'marker',  absolute  corrosion  rates  were 
determined  by  RBS  analysis  and  compared  to  corrosion  rates  determined  from  the 
polarization  curves.  The  rate  of  Ti  dissolution  is  found  to  be  reduced  by  about  three 
orders  of  magnitude  for  Pd-implanted  samples.  The  corrosion  potential-time  curves 
and  high  resolution  RBS  data  both  show  that  soon  after  immersion,  the  Pd  surface 
contentration  rises  at  20  at.%  because  of  preferential  dissolution  of  Ti  and  that  the  Pd 
is  retained  in  the  surface  for  corrosion  times  of  up  to  9  h.  The  steady  state  corrosion 
potential  of  implanted  samples  is  close  to  that  of  pure  Pd  and  800  mV  anodic  with 
respect  to  the  corrosion  potential  of  pure  Ti.  The  protection  is  explained  by  the  fact 
that  the  mixed  electrode  potential  is  more  noble  than  the  critical  potential  for 
passivity  of  Ti,  resulting  in  a  markedly  reduced  dissolution  rate. 

C.  Effect  of  Helium,  Iron,  and  Platinum  Implantation  on  the  Absorption  of  Hydrogen 

by  Iron 

M.  Zamanzadeh,  A.  Allam,  H.  W.  Pickering  and  G.  K.  Hubler 

A  preliminary  study  was  made  of  the  effect  of  certain  elements  implanted  in 
iron  on  the  absorption  of  hydrogen  by  Ferrovac-E  iron.  Using  the  permeation 
technique  it  was  found  that  the  location  of  implanted  Pt,  as  modified  by  selective 
dissolution  of  iron  from  the  surface,  affects  the  kinetics  of  the  hydrogen  evolution 
reaction  and,  hence,  of  the  hydrogen  absorption  process.  The  rate  of  hydrogen 
absorption  decreased  with  increase  in  Pt  concentration  on  the  surface  in  both  0.1N 
NaOH  and  0.1N  H„S04.  A  catalytic  mechanism  is  proposed  to  explain  the  marked 
reduction  in  hydrogen  permeation.  There  are  no  significant  differences  in  the 
permeation  behavior  of  unimplanted  and  helium-  or  iron-implanted  iron  membrances  in 
0.1N  NaOH.  The  experimentally  observed  Tafel  slope,  the  permeation-  (charging) 
potential  relationship,  and  the  permeation-  (charging)  current  relationship  indicate  a 
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coupled  discharge-recombination  mechanism  of  hydrogen  evolution  on  He-,  or  Pt- 
implanted  iron.  At  higher  cathodic  overpotentials  in  0.1N  NaOH,  corresponding  to 
potentials  more  negative  than  -1.0V  (SHE),  another  mechanism  of  hydrogen  evolution  is 
indicated.  Selective  dissolution  of  iron  from  the  Pt-implanted  Fe  surface  layer  may 
involve  some  platinum  and  iron  interdiffusion  according  to  Rutherford  backscattering 
analyses. 

D.  Corrosion  Resistant  AISI  52100  Bearing  Surfaces  by  Implantation 

G.  K.  Hubler,  J.  K.  Hirvonen,  C.  R.  Clayton,  Y.  F.  Wang,  J.  Budnick  and  H. 

Hayden 

This  contribution  describes  the  use  of  ion  implantation  for  surface  alloying  of 
bearing  components  in  order  to  alleviate  the  problem  of  corrosion  in  52100  steel 
aircraft  engine  bearings.  Potentiodynamic  polarization  measurements  on  0.01M 
buffered  (pH=6)  NaCl  solutions  were  carried  out  on  AISI  52100  specimens  polished  to  a 
mirror  finish.  Implantations  of  Ta  and  Cr+P  were  carried  out  to  promote  the 
formation  of  an  amorphous  stainless  steel  surface  alloy;  with  Cr  to  form  stainless 
steel;  and  Cr+Mo  to  enhance  the  pitting  resistance  of  the  stainless  steeL  The 
improvement  as  measured  from  the  absolute  change  in  the  pitting  potential  (  E.  )  was 
in  order  of  improvement  Ta  (+935  mV),  Cr+P  (+785  mV)  Cr+Mo  (+630  mV,  and  Cr  (+560 
mV).  These  large  changes  in  the  pitting  potential  are  unpreeendented  in  attempts  to 
improve  pitting  resistance  by  conventional  alloying  procedures  and  can  only  be 
produced  by  gross  compositional  changes  in  the  surface  layers.  Auger  depth  profiles 
and  nuclear  reaction  profiles  were  measured  for  Cr,  Cr+P,  and  Ta  implantation  and  the 
concentration  of  implanted  ions  was  shown  to  range  from  12  to  30  atomic  %  in  a  layer 
approximately  80  nm  in  thickness,  more  than  sufficient  to  produce  the  noble  pitting 
potentials  observed.  Environmental  simulation  tests  of  Cr  and  Cr+Mo  implanted 
specimens  showed  no  pitting  or  rusting  while  control  samples  had  rusted  severely. 

Ion  beam  intermixed  coatings  were  produced  by  vacuum  evaporating  25  nm  of  Cg 
on  AISI  Jj 2100  samples  and  implanting  with  400  keV  Xe  ion  to  a  fluence  of  3  x  10lb 
ions/cm  .  A  surface  alloy  with  100%  Cr  gradually  diminishing  to  0%  Cr  over  depth  of 
about  80  nm  was  produced.  The  Xe  implant  eliminates  the  sharp  interface  between 
the  Cr  coating  and  the  bulk  material  so  that  the  Cr  coating  is  very  adherent. 
Corrosion  tests  on  samples  prepared  in  this  manner  showed  pitting  potentials  that 
compared  favorably  with  the  Cr  implanted  samples.  An  advantage  of  this  method  is 
that  the  corrosion  protectiqn  can  be  achieved  for  an  ion  dose  that  is  an  order  of 
magnitude  less  than  by  straight  ion  implantation  of  the  chromium.  Further  studies  of 
this  promising  technique  are  underway. 

IV.  OTHER  EXPLORATORY  RESEARCH  AREAS 

Research  reported  in  this  section  includes  exploratory  investigations  of  the 
application  of  ion  implantation  in  areas  other  than  wear/fatigue  and  corrosion. 

A.  Optical  Effects  Resulting  From  Deep  Implants  of  Silicon  with  Nitrogen  and 

Phorphorus 

G.  H.  Hubler,  P.  R.  Malmberg,  C.  A.  Carosella,  T.  P.  Smith,  III,  W.  G.  Spitzer,  C. 

N.  Waddell  and  C.  N.  Phillippi 


Single  crystal  silicon  has  beenum  plan  ted  wi^  nitroger^  and  phorphorus  ions  at 
MeV  energies  to  fluences  between  Hr0  and  1.6  x  lO10  ions/cm  .  Infrared  transmission 


and  reflection  spectra  In  the  range  of  1.25  to  40  am  were  measured  for  as-implanted 
samples  and  after  various  annealing  treatments.  Interference  fringes  were  observed  in 
the  IR  spectra  which  are  produced  by  the  interference  of  light  which  has  been  multiply 
reflected  between  the  front  surface  and  the  buried  layers.  By  detailed  theoretical 
analyses  of  the  interference  fringe  structure,  we  obtained  refractive  index  profiles, 
which,  under  suitable  interpretation,  provide  accurate  measurements  and  several 
quantities  of  interest.  These  quantities  are  the  range  and  straggling  of  the  implanted 
ions,  the  depth  of  disordered  layers,  and  the  width  of  the  order-disorder  transition. 
Mechanisms  for  the  refractive  index  changes  which  have  been  identified  include 
amorphization  of  the  implanted  silicon,  bulk  compositonal  change  in  the  buried  layer, 
localized  vibrational  mode  dispersion,  and  free  electron  dispersion.  Experimental 
results  and  theoretical  predictions  are  presented,  demonstrating  each  of  these 
mechanisms. 

B.  Pulsed  Electron  Beam  Irradiation  of  Ion-Implanted  Copper  Single  Crystals 

J.  K.  Hirvonen,  J.  M.  Poate,  A.  Greenwald  and  R.  Little 

The  effect  of  an  intense,  pulsed  electron  beam  on  high-dose  implanted  Cu  single 
crystals  has  been  studied.  Rutherford  backscattering  and  channeling  have  been  used  to 
obtain  the  depth  concentration  profiles  and  lattice  locations  of  the  implanted  species 
(Au,  Ag,  and  Ta)  before  and  after  pulsed  electron  beam  irradiation.  Channeling  and 
secondary  electron  microscopy  measurements  show  that  the  Cu  surface  melts  during 
pulsed  irradiation  followed  by  an  epitaxial  lattice  growth  resulting  in  (i)  a  redistribu¬ 
tion  of  the  implanted  species,  (ii)  some  species  (e.g.,  Au  and  Ag)  remaining  on  lattice 
sites,  and  (iii)  Ta  leaving  substitutional  sites. 
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PRODUCTION  OF  HIGH  CURRENT  METAL  ION  BEAMS 


J.  K.  Hirvonen,  C.  A.  Carosella  and  G.  K  Hubler 
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Production  of  High  Current  Metal  Ion  Beams 


J.  K.  Hirvonen,  C.  A.  Carosella,  and  G.  K.  Hubler 
U.S.  Naval  Research  Laboratory 
Washington,  DC  20375 

Presented  at  Ion  Implantation  Equipment  Conference 
5  July  1980,  Kingston,  Ontario 


Ion  implantation  is  becoming  increasingly  used  for  the  modification  of  surface 
sensitive  mechanical  and  chemical  properties  [1,2].  These  relatively  new  applications 
often  require  the  use  of  a  wide  variety  of  unconventional  ion  species  whose  production 
is  not  always  as  convenient  as  simple  gaseous  charge  materials.  For  example,  NRL  is 
involved  in  research  programs  to  test  the  feasibility  of  improving  the  corrosion  and 
wear  resistance  of  aircraft  bearing  surfaces  by  implantation  of  elements  such  as  Cr,  Ta, 
and  Ti  [3] .  These  involve  implantation  of  1-5  x  1017  ions/cm2  and  areas  up  to  500  cm2. 
These  high  fluences  and  areas  have  prompted  experimentation  with  several  methods  of 
maximizing  ion  currents  of  these  and  other  metal  ion  beams. 

This  paper  reports  on  the  adaptation  of  a  well  established  technique  [4]  (i.e., 
internal  chlorination)  for  producing  moderately  high  beam  currents  of  several  metal 
species  from  a  Freeman-type  ion  source  used  in  the  NRL  modified  Varian/Extrion  Model 
200-20  A2F  Ion  Implanter  shown  schematically  in  Fig.  1.  Internal  chlorination  refers  to 
the  technique  of  passing  a  chlorine  (containing)  gas  over  the  hot  surface  of  the  element 
of  interest  to  produce  in-situ  chlorides  which  subsequently  decompose  and  ionize  in  the 
plasma  discharge.  The  temperatures  necessary  to  vaporize  many  metals  are  higher  than 
can  be  conveniently  reached  in  a  hot  filament  ion  source.  The  advantage  in  chlorination 
is  that  a  volatile  chloride  of  the  pure  metal  will  form  at  the  internal  source  operating 
temperature  so  that  the  need  for  a  high  temperature  source  oven  is  eliminated. 

The  use  of  a  vaporizer  or  oven  to  sublimate  either  the  elemental  or  a  chemical 
compound  (often  halides)  of  the  required  element  can  have  problems,  especially  if  the 
chemical  compound  has  an  affinity  for  water  or  requires  temperature  control  outside 
the  range  of  the  oven  (typically  150°C  to  900°C).  It  is  well  known  that  the  presence  of 
a  small  amount  of  water  in  the  charge  material  can  seriously  degrade  the  beam  quality 
when  using  CC14  or  halide  source  materials  [5] .  The  use  of  internal  chlorination  avoids 
the  problems  associated  with  loading  anhydrous  salts  and  can  significantly  reduce  the 
time  required  for  outgassing  of  the  ion  source  prior  to  use.  The  in-situ  production  of 
chlorides  has  also  been  found  to  significantly  reduce  the  corrosion  problems  associated 
with  handling  certain  charge  materials  previously  used  (i.e.,  TiCl^).  Basically,  the 
approach  taken  has  been  to  either  (i)  use  as  a  source  material,  a  foil  liner  [6]  on  the 
inside  of  the  cylindrically  shaped  anode  arc  chamber,  or  (ii)  use  an  internal  graphite 
chlorination  chamber  introduced  into  the  rear  of  the  ion  source  assembly  as  shown  in 
Figure  2.  In  both  geometries  the  filament  and  arc  discharge  provide  the  required 
heating.  The  lack  of  precise  temperature  control  requires  two  types  of  graphite 
chamber  arrangements— one  for  maximum  temperatures,  and  one  for  lower 
temperatures  for  those  elements  (e.g.,  Al)  whose  vapor  pressures  are  too  high  at  the 
operating  temperature  inside  the  source  (approximately  800°C).  In  the  lower 
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Schematic  drawing  of  ion  implantation  system  modified  for  nonsemiconductor  materials  research 


HOT  ELECTRON  EXTRACTION  ANALYZER 

FILAMENT  REFLECTOR  ELECTRODE  SLIT 


Fig.  2  —  Schematic  drawing  of  Freeman-type  ion  source  containing  an  added 
internal  graphite  chlorination  chamber 


temperature  configuration,  the  graphite  chamber  is  doubled  in  length  so  that  the  charge 
is  external  to  the  anode  and  operates  at  a  considerably  lower  temperature  than  800°C. 
The  tendency  of  graphite  components  to  outgas  slowly  has  been  alleviated  by  heating  of 
the  entire  ion  source  anode  assembly  with  a  torch  just  prior  to  insertion  and  pumpdown. 
Control  over  the  source  output  is  possible  by  varying  power  to  the  source  through  the 
arc  voltage  and  arc  current,  by  installing  additional  Ta  heat  shields  around  the  anode, 
and  finally,  by  varying  the  gas  flow. 

The  use  of  a  foil  liner  is  satisfactory  providing  it  doesn't  deform  and  short  to  the 
biased  filament.  Our  experience  has  indicated  that  a  scale  will  form  on  the  surface  of 
the  liner  with  use  and  will  eventually  spall  leading  to  an  electrical  short  to  the 
filament.  Generally  this  doesn't  happen  for  an  uninterrupted  run  of  8-10  hrs.  Initially,  a 
BF3  support  was  used  along  with  additional  CCI4  vapor  but  more  recently  pure  Cl2  been 
used  by  itself.  Use  of  pure  CI2  results  in  relatively  clean  mass  spectra  (see  fig.  3  for 
example)  and  lower  arc  currents  for  a  given  beam  current,  presumably  leading  to  longer 
source  lifetimes. 

The  separate  in-situ  chlorination  chamber  allows  the  use  of  metal  shavings, 
chunks,  etc.  as  well  as  powder  sources  which  have  larger  active  areas,  and  the  chamber 
has  eliminated  the  shorting  out  of  the  filament  by  reaction  by-products.  In  particular, 
whereas  shorting  of  the  filament  to  ground  (anode)  often  resulted  upon  restarting  a 
liner-charged  source,  sources  using  a  chamber  have  been  run  for  2-3  consecutive  days 
(15-25  hrs)  and  restarted  two  or  three  times  without  shorting. 

A  tungsten  filament  rod  is  used  in  all  eases  except  Ta.  For  a  W  beam,  no  charge 
is  required  since  ample  beam  is  obtained  by  using  CI9  as  the  support  gas  which 
undergoes  a  chlorination  reaction  with  the  hot  filament.  Fbr  Ta,  a  Mo  filament  must  be 
used  since  Ta  and  W  overlap  in  the  mass  spectra.  Table  I  lists  the  metal  ion  beams  and 
typical  beam  currents  thus  far  produced  by  this  technique.  Generally  the  obtained 
beam  currents  are  in  the  hundred  microampere  intensity  range  with  filament  lifetimes 
of  15-20  hrs. 

Source  poisoning  effects  have  also  been  seen.  For  example,  it  has  been  observed 
that  the  presence  of  a  Cr  buildup  on  either  the  Mo  arc  chamber  or  graphite  electron 
reflectors  which  retain  the  filament  can  result  in  many  orders  of  magnitude  reduction 
of  a  Mo+  beam  when  a  Mo  liner  and  BF3  plus  CCI4  gas  is  used.  For  this  reason  we 
attempt  to  dedicate  chlorination  chambers  and  graphite  reflectors  for  specific 
elements,  and  to  thoroughly  clean  the  anode  arc  chamber  upon  changing  ion  species. 

No  attempt  has  been  made  to  optimize  the  ion  source  parameters  such  as  gas 
flow  but  it  has  been  found  that  Cl2  pressures  of  1-3  x  10~6  torr  above  the  minimum 
operating  pressure  (monitored  above  the  ion  source  diffusion  pump)  results  in 
satisfactory  beam  currents  and  filament  lifetimes  with  no  evidence  of  filament 
deactivation  as  sometimes  seen  when  using  higher  pressures  of  CCI4. 

Normally  after  a  two-day  source  operation  it  is  found  that  there  is  a  fair  amount 
of  deposited  material  (usually  hygroscopic  or  deliquescent  chlorides)  on  the  source 
housing  walls  and  accel/decel  element  and  their  thorough  removal  is  critical  to 
subsequent  pumpdowns  and  spark  free  operation.  When  the  source  supply  gas  is  Cl2, 
BF3,  or  CCl.,  the  oil  is  changed  twice  weekly  in  the  corrosion  resistant  mechanical 
pump  which  backs  the  ion  source  diffusion  pump  in  order  to  further  reduce  corrosion 
problems.  A  more  general  maintenance  period  is  scheduled  twice  yearly  when  the 
entire  inside  walls  of  the  implanter  are  cleaned  of  deposited  chlorides,  etc.  .  . 
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In  summary,  we  have  adapted  internal  chlorination  techniques  that  are 
compatible  with  use  in  a  Varian/Extrion  Model  200-20  A2F  Ion  Implanter.  The 
techniques  allow  us  to  produce  ions  of  a  variety  of  metals  spanning  a  wide  range  of 
melting  points  and  chemical  reactivities,  with  current  intensities  in  the  range  of 
hundreds  of  microamperes.  The  technique  should  be  usable  with  a  wide  variety  of 
elemental  species,  facilitating  the  use  of  ion  implantation  for  materials  research 
requiring  high  fluenees. 

We  wish  to  acknowledge  many  fruitful  discussions  on  ion  sources  with  our  late 
friend  and  colleague,  R.  Bastide. 
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ABSTRACT 

As  thin  layer  binary  alloys  were  being  prepared  by  ion  implantation,  the  surface 
sputtering  was  monitored  by  measuring  the  intensity  of  optical  photon  emission  from 
the  excited  neutrals  leaving  the  surface  of  the  sample.  Emission  from  both  the 
implanted  species  and  the  substrate  species  was  monitored  throughout  the  implantation 
and  has  been  compared  with  the  change  in  the  surface  atomic  fraction  for  each  species 
monitored  as  predicted  by  a  model  of  the  sputtering  process.  Following  the 
implantation  the  samples  were  profiled  for  the  implanted  species  and  the  profiles  were 
compared  with  predictions  of  the  model.  The  two  binary  systems  studied  here  are  Cr 
implanted  into  Fe  and  Cu  implanted  into  Al,  both  done  at  a  beam  energy  of  90  keV.  The 
observations  strongly  support  the  idea  that  the  optical  emission  of  these  sputtered 
species  parallels  the  surface  atomic  fractions  during  the  preparation  of  the  binary  alloy 
by  ion  implantation.  The  observations  confirm  that  to  reach  steady  state  conditions 
during  ion  implantation,  a  surface  layer  of  approximately  twice  the  mean  range  of  the 
implanted  species  needs  to  be  sputtered  from  the  surface.  This  study  reinforces  the 
need  for  more  extensive  measurements  of  sputtering  yields. 


INTRODUCTION 

The  success  of  ion  implantation  technology  in  the  production  of  semiconductor 
devices  has  fostered  the  application  of  the  same  technology  to  the  modification  of  the 
surface  properties  of  metals  and  alloys.  Surface  hardening,  wear  resistance,  corrosion 
resistance  and  metal  fatigue  are  areas  where  this  technology  is  currently  being  applied 
[1] .  The  fluences  required  for  the  desired  surface  modification  are  calculated  using 
published  sputtering  yields  [2]  and  depth  distributions  for  the  implanted  species 
calculated  from  existing  theories  [3,4] .  Following  implantation  the  samples  are 
profiled  using  ion  beam  analytical  techniques  and  compared  with  the  theory.  The 
samples  are  then  subjected  to  testing  for  the  enhanced  surface  characteristic.  Since 
high  concentrations  of  the  implanted  atoms  are  generally  desired  and  since  the 
concentration  of  implanted  atoms  attainable  by  implantation  is  limited  by  the 
sputtering  process,  an  understanding  of  the  sputtering  behavior  of  the  surface  during 
the  implantation  process  is  important. 


*On  leave  from  the  Physics  Department,  SUNY  at  Albany,  Albany,  NY. 
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In  this  paper  we  report  the  results  of  monitoring  surface  composition  during 
implantation  by  measurements  of  the  intensity  of  optical  emission  lines  from  sputtered 
neutral  substrate  and  implanted  beam  atoms.  After  implantation  composition  versus 
depth  profiles  were  determined  by  Rutherford  backscattering  and  nuclear  reaction 
analysis.  The  optical  emission  and  depth  profile  data  were  then  compared  with  the 
predictions  of  a  model  of  the  sputtering  process  during  implantation. 


EXPERIMENT 

The  experimental  arrangement  is  shown  in  Figure  1.  The  target  materials  were 
elemental  polycrystalline  samples  of  high  purity  and  were  mounted  perpendicular  to  the 
axis  of  the  ion  beam.  The  ion  beam  was  raster  scanned  across  the  aperture  to  insure 
uniformity  of  the  implanted  region  on  the  target.  Both  high  and  low  dose  rate  implants 
were  performed.  Average  scanned  current  for  the  low  dose  rate  samples  was  2 
microamperes  with  peak  instantaneous  currents  ranging  from  8  to  25  microamperes  on 
different  days.  The  scanned  current  for  the  high  dose  rate  samples  was  6  to  8 
microamperes  with  peak  instantaneous  currents  of  80  microamperes.  The  scanning 
rate,  i.e.,  dwell  time  on  the  target,  was  selected  to  reduce  the  overall  heating  of  the 
sample  being  implanted.  The  energy  of  the  ion  beam  for  all  samples  in  this  series  was 
90  keV.  The  target  chamber  pressure  was  maintained  at  3  x  10 torr  during  the  low 
dose  rate  implantations  and  at  1  x  10 torr  for  the  high  dose  rate  implantations.  The 
targets  were  surrounded  by  a  liquid  nitrogen  cold  shield  during  implantation.  The 
optical  emission  was  monitored  in  the  direction  perpendicular  to  the  beam  axis. 

During  the  implantation  the  optical  emission  of  selected  lines  for  both  the  target 
element  and  the  beam  element  was  monitored.  The  sampling  intervals,  data 
acquisition,  and  the  spectrometer  wavelength  setting  were  under  the  control  of  a 
dedicated  microprocessor  system.  The  microprocessor  program  assured  that  each 
optical  emission  data  acquisition  period  corresponded  to  the  same  amount  of 
accumulated  charge  on  the  target.  Each  data  cycle  included  measurements  of  substrate 
line  intensity,  implanted  atom  line  intensity,  and  background  count  rate.  As  each  raw. 
data  point  was  collected,  the  program  calculated  the  background  correction  and 
subtracted  the  correction  from  the  raw  data.  The  program  then  calculated  the  number 
of  photons  per  arbitrary  integrated  charge  unit  and  stored  the  result  in  a  data  matrix. 
The  number  of  data  intervals  occurring  during  an  implantation  was  determined  by  the 
total  fluence  desired  divided  by  the  product  of  the  average  incident  flux  and  the  time 
data  interval.  After  the  desired  charge  had  been  collected  by  the  current  integrator, 
the  beam  was  interrupted  and  the  microprocessor  program  then  normalized  the 
implanted  data  points  against  data  from  a  reference  sample  (pure  Cr  or  Cu  as 
appropriate)  and  also  normalized  the  substrate  data  points  against  the  mean  of  the  first 
two  percent  of  the  substrate  data  points.  The  data  so  normalized  were  stored  in 
additional  matrix  elements  followed  by  the  storage  of  the  data  matrix  on  magnetic 
media  for  later  analysis.  The  entire  matrix  was  printed  out  for  examination. 

Initial  estimates  of  sputtering  yields  for  the  binary  system  were  determined  from 
the  literature  [2]  and  the  fluences  required  to  reach  the  steady  state  condition  for  the 
implanted  species  were  calculated.  The  calculated  fluence  was  then  doubled  to  insure 
that  the  steady  state  condition  was  reached  during  the  implantation.  These  calculations 
were  made  to  facilitate  scheduling  the  time  required  to  accomplish  the  implantations. 
Following  the  implantation  the  samples  w/ere  removed  and  the  surface  concentration 
and  implanted  profiles  were  determined  by  Rutherford  backscattering  and  nuclear 
reaction  analysis. 
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From  the  surface  concentration  information  the  seif  sputtering  yield  for  the 
implanted  species  was  determined  using  equation  [5J: 

Sj  =  1/n,  (1) 

vviiere  nj  is  the  surface  atomic  fraction  at  the  steady  state  condition,  Sj  is  the  self 
sputtering  yield,  and  the  subscript  1  refers  to  the  implanted  species. 


In  this  study  samples  were  implanted  with  different  fluenees  to  obtain  profiles  of 
the  implanted  atoms  at  various  surface  concentrations.  Eight  Fe  samples  were 
implanted  ^yjth  Cr  at  |n  energy  of  90  keV  with  fluenees  ranging  from  1.7  x  10  *  ions/errr 
“  °  |  '■  ,n  : — and  nine  A1  samples  were  ixnplanted  with  Cu  at 

O  tr  Ifvfr  ♦  Q  ini' 


to  8.1  x  I01'  ions/cm 
fluenees  ranging  from  6.9  x  10 


90  keV  with 


to  3.3  x  10  ions/cm 


RESULTS 

The  figures  illustrate  the  typical  behavior  of  the  optical  signals  during 
implantation.  Figures  2a  and  2b  show  the  behavior  of  the  Cr  and  Fe  signals  respectively 
as  90-kev  Cr  ions  are  implanted  into  Fe.  Figures  3a  and  3b  show  the  behavior  of  the  Cu 
and  A1  signals  as  90-keV  Cu  ions  are  implanted  into  Al.  In  deriving  the  results  shown  in 
these  figures  we  have  assumed  that: 


Ij  =  kj  $  nj  Sj  (2) 

where  Ij  is  the  intensity  of  the  optical  signal  observed,  kj  is  a  proportionality  constant, 
<t>  is  the  incident  flux,  n;  is  the  surface  atomic  fraction,  and  Sj  is  the  sputtering  yield 
for  the  "i"  th  species. 

Figures  4  and  3  show  the  implanted  profiles  for  Cr  into  Fe  and  Cu  into  Al.  The 
Cr  profile  was  measured  independently  by  three  different  techniques,  Rutherford 
backscattering  (RBS),  nuclear  reaction  analysis  (NR A),  and  optical  emission  sputtering 
(OES).  The  RBS  profile  was  obtained  by  taking  an  RBS  spectrum  of  the  implanted  Fe 
sample  and  subtracting  the  RBS  spectrum  for  pure  Fe.  The  resulting  data  was  fitted  by 
adjusting  the  Cr  profile  input  to  the  RBS  computer  program  developed  by  Ziegler  [6]. 
The  NRA  profile  was  measure  using  a  (p,y)  resonance  reaction  technique  developed  by 
Gossett  [7] .  The  OES  profile  was  prepared  from  data  obtained  by  sputtering  the  sample 
with  an  Ar  beam  [8] .  It  should  be  noted  that  the  three  profiles  are  in  good  agreement 
within  the  uncertainties  inherent  in  each  technique.  The  Cu  profile  was  measured  onlv 
by  RBS. 


ANALYSIS 

In  order  to  fit  the  observed  data  we  have  developed  a  computer  model  of  the 
implantation  process.  Much  effort  has  previously  been  devoted  to  the  calculation  [9-13] 
of  the  distribution  of  implanted  ions  including  the  effect  of  sputtering.  Additional 
effects,  such  as  radiation  enhanced  diffusion,  [14]  changes  in  the  stopping  power  of  the 
substrate,  [15]  and  preferential  sputtering  [14,15]  have  also  been  incorporated  into  this 
calculation.  Since  high  fluence  implants  are  generally  used  to  modify  the  surface 
properties  of  metals  and  alloys,  it  seemed  worthwhile  to  take  into  account  in  our  model 
the  "widening"  of  the  target  by  the  build-up  of  implanted  ions.  To  the  best  of  our 
knowledge,  this  effect  has  been  previously  considered  only  by  Krautle  [15] . 


19 


SURFACE  FRACTION  SURFACE  FRACTION 


implantation  of  90-keV  Cu  into  A1 


INCIDENT  lONS/em2 


Fig.  3b  —  Normalized  intensity  of  A1  optical  signal  at  309.2  nm  during 
implantation  of  90-keV  Cu  into  A1 
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Fig.  4  —  Steady  state  implanted  Cr  profile.  This  profile  corresponds 
to  a  fluence  of  4.1  X  1017  atoms/cm2 
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Fig.  5  —  Steady  state  implanted  Cu  profile.  This  profile  corresponds 
to  a  fluence  of  3.3  X  1017  atoms/cm2 


22 


Our  model  is  similar  to  Krautle's  in  including  the  effect  of  implanted  ion  build-up 
in  widening  the  target  and  in  neglecting  radiation  enhanced  diffusion,  but  it  differs  in 
that  it  does  not  include  the  effect  of  the  implanted  ions  on  the  stopping  power  of  the 
substrate  and  preferential  sputtering  has  been  treated  in  a  different  manner.  In  our 
model  the  substrate  is  divided  into  layers  parallel  to  the  surface.  Two  arrays  are  used 
to  describe  the  layers  with  one  array  containing  information  on  the  number  of  substrate 
atoms  per  cmz  in  each  layer  and  the  second  array  containing  information  on  the  number 
of  implanted  atoms  per  cm2  in  each  layer.  Each  layer  contains  the  same  total  number 
of  atoms  per  cm2.  The  range  distribution  of  the  implanted  atoms  is  assumed  to  be  an 
asymmetric  Gaussian  with  parameters  obtained  from  references  3  and  4.  The  fraction 
of  beam  ions  which  come  to  rest  in  each  layer  can  then  be  calculated  from  this 
information. 

It  is  assumed  that  the  number  of  implanted  atoms  sputtered  from  the  first  layer 
is  NnjSj  and  the  number  of  substrate  atoms  sputtered  from  the  first  layer  is  Nn^S2 
where  nj  and  r\2  are  the  atomic  fractions  of  implanted  and  substrate  atoms  in  the  first 
layer  and  Sj  and  S2  are  the  sputtering  yields  of  the  implanted  and  substrate  atoms.  N  is 
the  number  of  ions  incident  on  the  substrate  in  one  iteration  and  is  equal  to  the  total 
number  of  atoms  per  layer  divided  by  the  larger  of  S,  or  S2.  A  total  of  N  implanted 
atoms  are  added  to  the  various  layers  in  accord  with  file  calculated  range  distribution. 
The  boundaries  between  layers  are  then  readjusted  so  that  each  layer  again  contains  the 
same  number  of  atoms.  N  incident  ions  are  sufficient  to  sputter  away  all  of  the  higher 
sputtering  yield  element  in  the  first  layer,  but  only  a  portion  of  the  lower  sputtering 
yield  element.  The  remainder  of  the  lower  sputtering  yield  element  is  then  added  into 
the  second  layer  and  the  first  layer  is  discarded.  The  N  implanted  atoms  are  again 
added  to  the  various  layers  and  the  cycle  is  repeated  for  the  desired  number  of 
iterations.  The  assumption  of  uniform  mixing  of  material  to  a  depth  equal  to  the  range 
of  the  incident  ions  could  readily  be  incorporated  into  the  model,  but  was  not  used  for 
the  calculations  shown  here. 


DISCUSSION 

Cr-Fe 


In  modeling  the  implantation  of  Cr  into  Fe,  it  was  assumed  that  the  sputtering 
yields  of  Cr  and  Fe  were  equal  since  the  two  elements  are  similar  in  mass  and  charge 
The  peak  of  the  range  distribution  was  calculated  [3,4]  to  occur  at  a  depth  of  1.77  x  10 17 
atoms/cm  with  the  standard  deviation  of  the  half  Gaussian  nearest  the  surface  being 
7.32  x  Hr”  atoms/cm2  and  that  of  the  other  half  Gaussian  being  1.38  x  101'  atoms/cm“. 
In  order  to  fit  the  surface  atomic  fraction  of  Cr  in  the  steady  state  a  sputtering  yield  of 
2.8  was  used. 

It  was  observed  in  Figures  2a  and  2b  the  experimental  surface  concentration  of 
Fe  and  Cr  change  more  rapidly  than  the  calculated  concentrations.  In  addition  the 
depth  distribution  of  the  Cr  shown  in  Figure  4  extends  to  considerably  greater  depths 
than  predicted.  Measurements  [7]  of  the  depth  profile  of  150-keV  Cr  implanted  into  Fe 
are  in  good  agreement  with  values  determined  from  references  3  and  4,  so  it  is  unlikely 
that  the  predictions  are  greatly  in  error  at  90  keV.  Some  possibility  exists  that  heating 
of  the  target  occurred  during  implantation,  so  thermal  or  radiation  enhanced  diffusion 
together  with  some  recoil  mixing  may  account  for  the  discrepancies  between  theory  and 
experiment. 
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From  equation  (2)  it  may  be  seen  that  the  agreement  between  the  atomic 
fraction  of  Cr  determined  by  photon  counting  during  the  steady  state  phase  of  the 
implantation  and  that  measured  later  by  other  techniques  indicates  that  the  product 
kjSj  for  Cr  in  Fe  is  not  significantly  different  than  for  an  elemental  Cr  target  which 
was  used  to  calibrate  the  photon  counting  system.  Also  the  fact  that  the  Fe  and  Cr 
atomic  fractions  in  the  steady  state  add  up  to  approximately  1  indicates  that  kjSj  for.  Fe 
does  not  change  significantly  when  it  is  diluted  with  38%  Cr.  It  appears  that  kj  and  Sj 
for  both  Cr  and  Fe  are  individually  relatively  insensitive  to  matrix  effects,  since  no 
reason  is  known  for  them  to  vary  in  such  a  manner  as  to  keep  the  product  kjSj  invariant. 


Cu-Al 


In  modeling  the  implantation  of  Cu  into  A1  the  sputtering  yields  for  both  A1  and 
Cu  were  varied  independently  to  fit  the  atomic  fraction  versus  fluence  data  in  Figures 
3a  and  3b.  A  Cu  sputtering  yield  of  4.0  and  an  A1  sputtering  yield  of  3.1  produced  a 
good  fit  to  the  data.  Although  it  is  more  common  for  the  lighter  element  of  a  binary 
target  to  have  the  higher  sputtering  yield,  numerous  examples  of  the  reverse  situation 
exist.  In  addition  the  calculations  of  Sigmund  in  ref.  2  indicate  that  the  sputtering 
yields  for  rare  gas  ions  incident  on  elemental  A1  at  these  energies  are  lower  than  the 
corresponding  sputtering  yields  of  elemental  Cu. 

The  measured  depth  profile  of  Cu  in  Al,  shown  in  Figure  5,  exhibits  to  a 
somewhat  lesser  degree  the  same  sort  of  disagreement  with  the  calculated  distribution 
that  was  seen  for  Cr  in  Fe  in  Figure  4.  References  3  and  4  predict  that  the  peak  of  the 
range  distribution  should  occur  at  a  depth  of  2.41  x  1017  atoms/cm2  with  the  standard 
deviation  of  the  half  Gaussian  nearest  the  surface  being  6.71  x  10*6  atoms/cm2  and  that 
of  the  other  half  Gaussian  being  1.51  x  10*7  atoms/cm2.  The  dip  seen  in  the  data  point 
closest  to  the  surface  is  due  to  the  energy  resolution  of  the  particle  detector  used  for 
the  RBS  measurement.  Possible  causes  of  the  disagreement  between  the  measured  and 
calculated  distributions  are  expected  to  be  the  same  as  those  mentioned  for  the  Cr  in 
Fe  case. 


Again  the  consistency  of  the  surface  atomic  fractions  derived  from  the  RBS  and 
the  photon  emission  measurements  seems  to  indicate  that  the  products  kjSj  for  the 
constituents  of  the  binary  surface  alloy  are  very  similar  to  those  of  the  corresponding 
pure  elements.  No  evidence  was  seen  of  the  phenomenon  reported  by  Arminen  et  al16  in 
which  the  amount  of  implanted  Cu  retained  in  Al  plotted  as  a  function  of  dose  rises  to  a 
peak  and  then  decreases  to  its  steady  state  value. 


SUMMARY 

In  summary  the  following  points  should  be  emphasized: 

(1)  The  ability  to  predict  the  atomic  fraction  at  the  surface,  the  peak  atomic 
fraction  in  the  implanted  layer,  and  the  profile  for  any  given  fluence  is 
severely  limited  by  the  precision  with  which  the  sputtering  yields  for  the 
implanted  species  are  known.  The  elemental  sputtering  yields  interpolated 
from  the  literature  [2  j  for  Cr  and  Cu  are  larger  by  a  factor  of  two  than  those 
determined  by  this  study  using  the  steady  state  condition  for  the  implanted 
species. 
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(2)  The  monitoring  of  the  optical  emission  intensity  of  the  sputtered  implanted 
species  produces  a  profile  of  the  changing  surface  fractions  during  the 
implantation  process. 

(3)  The  optical  emission  data  indicate  that  the  steady  state  condition  is  obtained 
when  a  surface  layer  approximately  twice  the  mean  range  for  the  implanted 
species  has  been  removed  by  sputtering. 

(4)  The  optical  emission  information  that  is  collected  during  implantation 
concerning  surface  atomic  fractions  compares  very  well  with  the  surface 
atomic  fractions  as  measured  by  other  techniques. 

The  binary  systems  studied  here  were  selected  to  determine  the  feasibility  of 
examining  the  sputtering  behavior  of  both  system  components  during  the  fabrication  of 
a  binary  alloy  by  ion  implantation.  Although  this  study  has  not  examined  all  the 
possible  parameters  which  influence  the  sputtering  behavior  of  these  alloy  surfaces,  the 
technique  appears  to  be  a  very  useful  tool  for  observing  the  surface  behavior. 

Further  study  in  these  systems  and  other  binary  systems  should  provide 
additional  data  on  surface  behavior  during  the  implantation  process. 
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Sputter  Distortion  of  Implantation  Profiles* 


Irwin  Manning 

Materials  Modification  and  Analysis  Branch 
Condensed  Matter  and  Radiation  Sciences  Division 


I.  INTRODUCTION 

The  theory  of  preferential  sputtering  of  binary  alloys  with  diffusion  is  being 
studied.  The  starting  point  is  the  formalism  of  Collins,  [1]  but  the  approach  is  different 
in  that  the  aim  is  to  analyze  experimental  results  to  uncover  details  about  the  role  of 
radiation-enhanced  diffusion  in  perferential  sputtering.  (It  may  well  be  that  other  ion- 
beam  mixing  mechanisms,  such  as  that  of  Haff  and  Switkowski,  [2]  will  have  to  be 
considered.) 

The  sputter-induced  erosion  of  the  target  surface  affects  ion  implantation 
profiles.  The  present  work  examines  only  this  isolated  effect;  we  shall  see  that  the 
sputter-induced  distortion  of  profiles  is  significant  for  large-fluence  implantations.  The 
distortion  of  the  profile  of  energy  deposition  is  expected  to  be  particularly  significant 
for  theories  of  preferential  sputtering. 

In  order  to  better  examine  this  one  effect,  we  will  assume  that  there  is  no 
diffusion  or  atomic  mixing.  We  also  assume  that  the  penetrating  ion  beam  is  unaffected 
by  the  implanted  atoms  or  effects  caused  by  ion  bombardment,  such  as  target  damage. 
This  work  is  therefore  didactic:  an  unrealistic  model  (no  atomic  migration  or  damage 
effects)  is  invoked  in  order  to  bring  into  clear  relief  the  specific  effects  of  sputter 
erosion  of  the  target  surface. 


II.  COORDINATE  FRAMES 

In  addition  to  the  laboratory  frame  x^  of  figure  1,  we  consider  a  target  frame  x 
which  has  its  origin  fixed  to  the  target  surfaces.  Let  u  be  the  x^-value  of  the  target 
surface.  This  distance  is  a  function  of  the  fluence  t  :  The  target  surface  recedes  with 
velocity  U  (t)  (whose  units  are  distance  per  unit  bombarding  fluence): 


dT  (1) 

u  (  t)  =  JT  dt»  U  (  t) 
o 


*Note  added  in  proof:  Since  submitting  this  article,  I  have  noticed  that  these  results 
are  contained  in  the  work  of  F.  Schulz  and  K.  Wittmaack,  "Model  Calculation  of  Ion 
Collection  in  this  Presence  of  Sputtering,"  Radiat.  Eff .  29,  31  (1976). 
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Fig.  1  —  Laboratory  and  target  coordinate  frames.  The  target  frame  has  its 
origin  fixed  to  the  target  surface,  which  recedes  with  velocity  U  (units:  dis¬ 
tance  per  unit  bombarding  fluence). 
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III.  RANGE  PROFILES 


A.  Profile  Evolution 

Consider  a  monatomic  target  of  B-atoms  bombarded  by  a  beam  of  A-ions.  Let 

f(x)  dx  dt  =  number  of  beam  ions  coming  to  rest  in  dx 

about  about  x  after  fluenee  dx,  (2) 

This  distribution  has  the  property 

J"0  f  (x)  dx  =  c 

with 


o  <  e  <  1.  (3) 

One  gets  c  =  1  when  there  are  not  reflected  beam  atoms  (no  albedo). 

Also  let 

Na  (x,t)  =  number  density  of  beam  ions  at  rest  at  x  after 

bombarding  fluenee  x  (4) 

We  have 

xiS  nA  (*>t)  =  x  f(x).  (5) 

The  steady  state  range  profile  is 

N|  <x)  =  “™  Na(x,t).  (6) 

For  an  increase  of  fluenee  from  x  to  x  +  dx  we  have 

dN  a  (x,T)  =  f  (xL)  dT 

with 


xL  =  x  +  u  (x).  (7) 

Thus 

nA  (x,x)  =  /  dx'  f  (x  +  u  (x')).  (8) 

Using  du  =  U(T)dx, 

u(T) 

Nft  (x,t)  =  J  du' 


The  main  result  of  this  work  is  the  analogue  of  equation  (9)  for  energy  deposition 
profiles. 


U  (T<) 


f  (x  +  u' ) . 


(9) 


30 


B.  Example:  Gaussian  Range  Profile 


Let 


f(x) 


_J _ 

*/2TT  0 


e 


(10) 


Assume  that  x/o  >>  1,  so  that  there  is  no  albedo.  Assume  also  that  U(t)  is  a  constant 
independent  of  fluence. 

Introducing  the  dimensionless  variable 


S  = 


(11) 


we  have 


f(x) 


e  -  (5  -  O2 


/2it 


(12) 


Equation  (9)  becomes 


Na(x,t) 


u(t 
J  du'  e  “ 


l  +  u')2 


(13) 


where 


U  (T)  _  V  T 

/Fa  "  /F  a 


(14) 


is  a  dimensionless  parameter  for  the  depth  of  target  material  sputtered  off  after 
fluence  x  . 

In  terms  of  the  complementary  error  function,  [3]  the  distorted  implantation 
profile  (13)  can  be  written: 


Na(x,t)  = 


{  erfc  (£  +  u  -  £)  -  erfc  (£  -  £ )  },£<£-y 

^  {  2  - erfc  -  0  - erfc 

7"  {  erfc  -  V  -  erfc  (^  -  l  +  u)  } ,  £  >  l 


(15) 


i 

i 
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The  steady  state  distribution  is  obtained  by  taking  the  limit  t+od: 


'—{  2  - erfc  -  o  }'  e  <  l 

2u 


1_ 

2u 

—  erfc  <£  -  £) 
2u 


.  C  =  € 
.  C  -  C 


(16) 


Figure  2  depicts  the  initial  distribution  f(x)  and  the  steady  state  distribution  N 
(x)  for  the  caseX  =  6,  while  figure  3  depicts  the  evolution  of  f  to  for  several  value 
of  u  (or,  equivalently,  several  values  of  fluence). 

C.  Saturation  Density 


For  the  example  of  section  IIIB  above,  the  saturation  density  is 

H®  (o)  =  -  (17) 

A  U 

Let  SA  and  Sg  be  the  sputtering  coefficients  for  A  and  B  atoms  (atoms  sputtered  per 
incident  ion),  and  let  NA  and  Ng  be  the  respective  atomic  volumes  (Ng  =  Ng).  We 


u  “  SA  VB  +  ^  V 


(18) 


Now  assume  that 


=  v 


B 


v 


so  that 


N  =  Na  +  NB 

remains  constant  during  the  implantation.  Then  equation  (18)  becomes 

U  =  v  (SA  +  Sg)  e  v  S.  (19) 


Using 


v 


na  +  nb 


the  relation  (17)  can  be  recast  into  the  familiar  result  [4] 


(20) 


NA  l  (21) 

NA  +  NB  =  S  ’ 

where  the  quantities  NA  and  Ng  are  (saturation)  steady-state  values  at  the  target 
surface. 


*1 
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Fig.  2  —  Range  distributions  for  the  two  extremes  of  infinite  and  zero 
fluence.  In  both  cases  the  ordinates  are  dimensionless,  as  is  the  abscissa. 


Fig.  3  —  The  evolution  of  the  distribution  f  to  N®  for  several  fluences, 
determined  by  the  dimensionless  parameter  p  of  equation  (14),  which 
measures  the  amount  of  target  material  sputtered  away. 
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IV.  ENERGY  DEPOSITION  PROFILE 


The  density  of  Frenkel  defects  initiated  by  ion  bombardment  is  proportional  to 
the  damage  energy  Sp  deposited  into  the  target,  [5]  where 

Sj-^xJdxdr  =  damage  energy  density  deposited  into  dx  about  x 

during  fluenee  dr.  (22) 

The  total  damage  energy  per  incident  ion  (for  small  fluences)  is 

CO 

Ed=J  SD(x)dx.  (23) 

In  analogy  with  section  III  A,  let 

G(x,t)  dx  =  damage  energy  deposited  into  dx  about  x  after 

fluenee  t  (24) 


We  have 


^  G(x,t)=t  Sd(x),  (25) 

and  the  steady  state  distribution  is 

Gs(x)  G(x,z).  (26) 

Corresponding  to  equation  (9),  we  have  the  main  result 

,U<T)  !  (27) 

G(x,r)  =  J  du'  — —  S_  (x  +  u') 

O  u(T')  D 

The  example  of  section  IIIB  indicates  that,  independent  of  the  detailed  shape  of 
SD  (x),  we  can  expect  a  steady-state  (saturation)  energy  deposition  profile  which,  for 
x/x  <  <  1,  has  the  constant  value 


E 

GS(x)  =  —  ,  o  <  x  <  x  -  37  .  (28) 

U  _  “ 


V.  CONCLUSION 

In  high-fluence  bombardments,  the  sputtering  erosion  of  the  target  surface 
causes  significant  alterations  of  implantation  profiles.  This  is  expected  to  be  an 
important  effect  for  the  profiles  of  energy  deposition  and  implanted  ions. 
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COMPUTER  SIMULATIONS  OF  ION  IMPLANTATIONS 


Mervine  Rosen,  George  P.  Mueller 

Radiation-Matter  Interactions  Branch 
Condensed  Matter  And  Radiation  Sciences  Division 

ION  BEAM  MIXING 


INTRODUCTION 

We  are  carrying  out  an  investigation  of  possible  mechanisms  in  ion  beam 
interface  mixing.  The  restriction  placed  by  sputtering  on  the  percentage  of  atoms 
that  may  be  implanted  into  a  surface  can  be  circumvented  by  placing  a  thin  film  of  the 
material  to  be  implanted  on  the  surface  of  the  substrate  and  then  bombarding  the 
system  with  a  beam  of  atoms  whose  range  is  at  least  equal  to  the  film  thickness.  For 
high  incident  fluence  all  of  the  thin  film  is  incorporated  into  the  substrate. 

PROGRESS 

Simulation  calculations  with  MARLOWE  allow  us  to  determine  directly  the  role 
played  by  recoil  implantation  in  this  process  and  yield  the  distribution  (density  and 
concentration  gradients)  of  vacancies  and  interstititals  produced  during  the  irradia¬ 
tion.  This  latter  information  is  necessary  to  study  the  subsequent  role  of  diffusion 
processes  in  the  system.  Both  phenomena  contribute  to  the  disruption  of  the  interface 
between  film  and  substrate.  Because  much  experimental  information  is  available  for 
the  case  of  a  palladium  coated  silicon  substrate  exposed  to  a  beam  of  energetic  xenon 
atoms,  we  have  concentrated  our  calculations  on  this  system.  The  computations  are 
well  under  way  and  preliminary  results  indicate  that  recoil  implantation  is  not 
responsible  for  the  bulk  of  the  palladum-silicon  mixing.  It  is  know,  however,  that  the 
diffusion  processes  do  not  occur  at  room  temperature  without  being  initiated  by  an 
irradiation. 

CONCLUSION 

Because  the  results  of  our  calculations  will  form  the  initial  conditions  for  the 
various  competing  diffusion  processes,  we  are  looking  into  the  possbility  of  performing 
(simple)  diffusion  calculations  on  the  palladium-silicon  system. 

SPUTTERING 


INTRODUCTION 

As  part  of  a  collaboration  with  the  experimental  ion  sputtering  group  of  Code 
6670,  we  have  started  a  program  of  simulating  ion  sputtering  using  the  binary-collision 
simulation  code  MARLOWE  of  Robinson  and  Torrens.  (The  code  was  described  briefly 
in  the  last  review  of  the  group.2)  This  is  a  preliminary  report  in  which  we  indicate  the 
kind  of  information  that  is  readily  obtainable  from  MARLOWE,  and  then  outline  how 
we  plan  to  use  the  code  to  fit  several  of  the  phenomenological  parameters  associated 
with  sputtering. 
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PROGRESS 


We  have  investigated  copper  self  sputtering,  which  is  one  of  the  first  experi¬ 
ments  planned  by  Code  6670,  and  show  typical  results  for  the  case  of  a  bombardment 
by  100  copper  ions,  with  energy  90  keV,  normally  incident  on  a  polycrystalline  copper 
surface.  In  order  to  minimize  computer  time,  we  take  the  target  to  be  a  thin  film  of 
copper  of  thickness  about  ten  atomic  layers.  This  is  adequate  because  virtually  no 
sputtered  atoms  originate  deeper  in  the  target. 

The  results  shown  assume  a  surface  binding  energy  of  4.5  eV.  The  code  examines 
any  ion  that  is  about  to  leave  the  surface  and  prohibits  its  escape  if  the  "normal 
component"  of  its  energy  is  less  than  the  surface  binding  energy. 

In  Fig.  1  we  show  the  depth  distribution  of  the  original  sites  of  the  sputtered 
atoms.  The  results  justify  the  thin  film  model.  We  see  that  almost  all  of  the 
sputtered  atoms  originate  within  one  to  three  atomic  layers  of  the  surface.  Less  than 
one  per  cent  start  as  deep  as  the  eighth  layer. 

The  angular  distribution  of  sputtered  particles  is  shown  in  Fig.  2.  We  see  that 
within  the  statistical  errors,  the  yield  per  unit  solid  angle  varies  linearly  with  the 
cosine  of  the  outgoing  direction  theta,  where  theat  is  measured  from  the  surface 
normal.  „This  is  the  expected  relationship  based  on  a  simple  model  of  the  sputtering 
process.  The  slope  of  this  line  depends  on  the  value  of  the  surface  binding  energy. 

In  Fig.  3  we  display  the  frequency  of  occurrence  that  n  atoms  are  sputtered  by 
an  incident  atom,  as  a  function  of  n.  The  average  number  of  sputtered  atoms  is  4.2, 
indicated  by  the  arrow  in  the  drawing.  But  we  note  that  40%  of  the  time  no  atoms  are 
sputtered  and  5%  of  the  time  more  than  20  are  sputtered.  This  is  a  good  example  of 
what  one  often  finds  in  these  simulation  studies,  namely  that  the  average  result  is  not 
necessarily  a  typical  or  insightful  result. 

In  Fig.  4  we  show  the  energy  distribution  of  the  sputtered  particles.  We  see  that 
over  30%  leave  the  surface  with  less  than  10  eV  and  that  few  leave  with  more  than  40- 
50  eV.  The  shaded  portion  of  the  figure  indicates  the  additional  particles  that  would 
have  been  sputtered  if  we  had  not  imposed  a  surface  binding  energy.  We  see  that  the 
overall  sputtering  rate  is  sensitive  to  the  value  of  the  surface  binding  energy. 

Members  of  the  Materials  Modifications  Branch  are  planning  a  series  of  self- 
sputtering  experiments,  ranging  from  light  to  heavy  metals.  We  plan  to  use  their 
results  as  a  data  base  that  will  allow  us  to  set  values  (or  ranges)  of  several 
phenomenological  parameters  in  our  theoretical  model,  e.g.,  the  surface  binding 
energy,  which  will  enable  us  to  make  reasonably  good  predictions  of  the  sputtering 
properties  of  other  species  by  running  MARLOWE  with  these  (fitted)  parameters. 

CONCLUSION 

In  order  to  give  us  greater  flexibility,  we  will  impose  a  zero  surface  binding 
energy  on  future  MARLOW  runs.  Each  sputtered  atom  and  its  energy  direction  and 
other  characteristics  will  be  stored.  Then  a  simple  auxiliary  program  that  we  are 
writing  will  be  used  to  study  how  the  distribution  of  sputtered  ions  varies  as  the 
binding  energy  is  changed.  In  addition,  the  auxiliary  program  will  allow  a  variety  of 
tabular  and  graphical  displays  of  the  results. 
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Fig.  1  —  Depth  distribution  of  original  site  of  sputtered  atoms 
for  the  case  of  90  keV  copper  self  sputtering 
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NUMBER  OF  SPUTTERED  ATOMS  PER  INCOMING  ION 


Fig.  3  —  Yield  of  sputtered  particles:  the  frequency  of  occurrence  of  the 
number  of  sputtered  particles  per  incoming  ion 


Fig.  4  —  Energy  distribution  of  sputtered  particles.  The  shaded  region  in  the  10  eV  bin 
indicates  the  additional  atoms  that  would  have  been  sputtered  if  the  surface  binding 
energy  were  zero. 
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The  wear  resistance  of  titanium-  and  nitrogen-implanted  52100  bearing  steels 
was  measured  by  an  abrasive  wear  technique  with  a  depth  resolution  of  20  30  nm. 
Titanium-implanted  surfaces  were  extremely  resistant  to  wear  against  fine  (1  5  pm  I 
diamond  abrasion,  which  suggests  a  very  hard  surface  layer.  Nitrogen-implanted 
surfaces,  by  contrast,  wore  at  the  same  rate  as  non-implanted  surfaces.  Wear 
resistance  versus  depth  profiles  of  titanium-implanted  surfaces  followed  the 
concentration  versus  depth  profile  of  the  implanted  titanium.  Auger  depth  profiles 
indicated  a  large  concentration  of  carbon  f  ^  20  at.°„  maximum)  distributed  w  ith  a 
diffusion-like  profile  from  the  titanium-implanted  surface  into  the  bulk  The  carbon 
was  identified  by  Auger  line  shape  analysis  as  a  titanium  carbide,  and  the  wear 
resistance  of  the  surface  was  attributed  in  part  to  its  presence. 

1.  INTRODUCTION 

Ion  implantation  is  a  surface  treatment  which  has  shown  great  promise  for 
improving  the  sliding  wear  resistance  of  steels'  4.  One  class  of  steels  which  forever 
need  improving  are  the  “work -horse"  steels  of  the  bearing  industry  52100.  440C 
and  M50.  Wear  studies  were  performed  recently  on  52100  steel  implanted  with 
various  ion  species5.  One  species,  titanium,  caused  spectacular  improvements  in 
both  the  friction  and  the  wear  behavior,  whereas  nitrogen,  which  had  previously 
been  shown  to  improve  sliding  wear  in  softer  steels'  4.  appeared  ineffective. 

In  the  present  study,  wear  versus  depth  profiles  of  titanium-  and  nitrogen- 
implanted  52100  steel  surfaces  were  measured  with  a  depth  resolution  of  about  20 
30  nm.  An  abrasive  wear  technique  was  used  which  we*’  ’  and  others8  10  have 
previously  shown  to  be  sensitive  to  the  hardness  of  steels.  Here,  correlations  of  wear 
resistance  versus  depth  and  composition  versus  depth  profiles  are  also  show  n. 

2.  EXPERIMENTAL  TECHNIQUES 
2.1.  Sample  preparation 

AISI  52100.  a  steel  widely  used  in  bearing  applications,  has  the  composition 
Fe  IC  1.5Cr  0.3Mn  0.2Si  in  weight  percent.  Three  52100 steel  discs  were  quench 

•  Paper  presented  at  the  International  Conference  on  Metallurgical  Coatings.  San  Diego.  California, 
U  S  A  ,  April  21  25.1980. 
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hardened*  to  produce  a  martensitic  structure.  In  addition,  nine  carbon  steel  discs 
were  prepared  from  a  low  alloy  carbon  tool  steel fbomposition  Fe  1C  0.3Mn  0.2Si) 
whose  carbon  concentration  was  near  that  of  the  52 100s.  Two  sets  of  these  discs  were 
heat  treated  and  a  third  was  thermally  nitrided1.  The  Knoop  hardness  values  of  all 
the  discs  examined  are  given  in  Table  I. 

TABLE  1 


R  t  1  ATIW  ABRASION  Rt.SlSl  A  NCI 

Oh  Nl  1  RO(it  V1MPL A 

N  1  hi)  SI  H  I  S 

Material  anti  treatment 

Har  dues  s 

Relative  wear  rates 

(kg  mm  •) 

Kwi-implanted 

\  itroj’en-tmpUinii'tl4 

Carbon  sled 

Quenched  and  tempered 

4(X) 

i 

1.510.2 

Quenched 

XOO 

1.210  2 

1.210.1 

Nitrided 

1.5  ±0.1 

52/00 

Quenched  and  tempered 

720 

Li  ±0,1 

1.1  ±0.1 

4  Average  values  from  the  first  50  tint  of  wear 


2.3.  Abrasive  wear  studies 

Wear  resistance  versus  depth  profiles  of  implanted  layers  were  obtained  b\ 
repeatedly  abrading  and  weighing  implanted  and  non-implanted  discs1'.  Nine  discs, 
six  implanted  and  three  reference,  were  abraded  in  a  vibratory  polisher  charged  with 
diamond  powder  ( I  5  pm)  in  paraffin  oil.  The  atmosphere  was  air  dried  to  a  frost 
point  of  200  K.  After  each  wear  period,  the  discs  were  ultrasonicully  cleaned,  rinsed 
and  dried,  and  their  mass  losses  were  determined  by  weighing  them  w  ith  microgram 
precision.  The  relative  wear  resistance  (RWR)  of  an  implanted  disc  was  calculated  as 
the  inverse  of  the  wear  depth  of  the  implanted  disc  normalized  to  that  of  the 
reference  disc.  Carbon  steel  discs,  quenched  and  then  tempered  to  a  hardness  of 
HK:kg  =  400  kg  mm  ' 2.  served  as  reference  discs.  Since  each  microgram  loss  of  steel 
corresponded  approximately  to  a  depth  of  1  nm  and  mass  losses  could  be  measured 
to  ±  3  gg.  RWRs  could  be  determined  with  depth  uncertainties  of  a  few  nanometers 
for  layers  as  thin  as  1 5  nm. 

Wear  depths  Ad  for  each  wear  period  were  calculated  from  the  mass  loss  Am. 
area  A  and  density  p.  as  Ad  =  Am/pA.  For  non-implanted  and  nitrogen-implanted 
discs,  wear  depths  were  calculated  using  the  measured  density  of  the  disc.  For 
titanium-implanted  discs  a  depth-dependent  density  pid)  was  used  to  account  for  the 
mass  of  titanium  in  the  steel  surface,  pid)  was  calculated  as 


I  - 


[T«3\ 

100 


+ 


to, 


[Ti] 

100 


in  which  the  titanium  concentration  [Ti]  was  determined  from  composition  versus 
depth  profiles  of  the  titanium-implanted  52100  steel,  and  densities  of  p^tsl  =  7.8  g 
cm  ‘  1  and  pfl  =  4.5  g  cm  J  were  assumed. 


*  AuMcnili/cd  at  1520  E  for  10  min;  oil  quenched  at  120  E  for  3  min;  subcooled  to  -  120  I  for  2  5  h; 
tempered  at  375  F  for  5  h 
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2.3.  Implantation 

The  surface  finish  on  the  discs  before  implantation  was  that  achieved  by  lengthy 
polishing  in  1  -5  pm  diamond.  Polished  discs  were  then  implanted  with  a  model  200- 
20A2F  Varian/Extrion  ion  implanter  equipped  with  a  hot  cathode  arc  discharge 
source  and  a  rasterable  ion  beam.  The  titanium  beam  energy  was  190  keV  and  the 
average  current  density  5  pA  cm " 2.  The  N2  molecular  ion  beam  energy  was  80  keV 
(i.e.  40  keV  (nitrogen  ion)  ‘l  and  the  average  current  density  was  4  pA  cm" 2  The 
samples  were  mounted  on  a  water-cooled  substrate  holder  and  the  chamber 
pressure  was  kept  below  10  '  Torr  during  implantation.  Implantation  fiuences  were 
4.6  x  10'  ’  ions  cm  2  and  2  x  101 7  ions  cm  2  for  titanium  and  nitrogen  respectively. 

2.4.  Auger  analysis 

Auger  analysis  was  performed  with  a  scanning  Auger  microprobe  system 
(Perkin-Elmer  PHI  Model  545).  The  UHV  chamber  was  equipped  with  a  CMA 
Auger  analyzer,  a  rasterable  ion  gun.  a  titanium  sublimator  and  iiquid-nitrogen- 
cooled  cryopanels.  The  electron  gun  was  operated  at  2  k  V  at  a  current  of  about  0.6 
pA  and  was  rastered  over  a  spot  size  of  50  pm  to  reduce  the  intensity.  Auger 
derivative  spectra  were  recorded  either  directly,  with  a  modulation  amplitude  of  3 
eV.  or  by  a  peak-height-recording  multiplexer  with  a  6  eV  modulation  amplitude. 

The  ion  gun  was  operated  at  2  kV  in  an  argon  atmosphere  (p  *  5  x  10  s  Torr) 
with  a  rastered  beam  at  a  current  density  of  about  30  pA  cm  ' 2.  Auger  depth  profiles 
were  recorded  during  ion  milling  with  titanium  sublimators  operating  and 
cryopanels  cooled  to  the  liquid  nitrogen  temperature.  These  procedures  reduced  the 
contamination  of  ion-milled  surfaces  by  residual  gas  vapors  to  below  detectable 
levels. 

Composition  analysis  of  titanium-implanted  steel  was  achieved  by  combining 
nuclear  reaction  profile  data  with  Auger  reference  data.  Relative  sensitivity  factors 
for  TiJg?  cV  to  Feh,0  cv  Auger  lines  were  determined  from  a  48Ti(p.Y)49V  resonance 
reaction:  for  C, 72  cv  to  Ti  ,8?cv  Auger  spectra  ofTiC  powders  were  measured*.  The 
sensitivity  factors  were  similar  to  those  found  in  ref.  1 1 ,  except  for  carbon,  which  had 
been  established  for  a  graphite-type  carbon  line  shape  and  not  a  carbide-type  line 
shape. 

The  depth  scale  for  the  Auger  profiles  was  established  by  Michelson 
interferometry.  Auger  depth  profiles  were  taken  near  the  edges  of  partially  masked 
steel  surfaces.  The  depth  of  an  ion-milled  step  was  later  measured  with  an 
interference  microscope  to  an  accuracy  of  about  ±  5  nm.  This  procedure  gave  the 
depths  at  which  several  composition  profiles  had  been  terminated.  Since  no 
differences  were  observed  in  the  milling  rates  of  implanted  and  non-implanted  steels 
the  depth  was  assumed  to  be  proportional  to  milling  time. 

3.  RESULTS  AND  DISCUSSION 

3.1.  Titanium-implanted  52100  steel 

Abrasive  wear  data  on  titanium-implanted  52 100  steel  are  shown  in  Fig.  1.  The 
R  WR  increased  to  a  value  of  about  6  at  a  depth  of  60  nm,  then  fell  off  gradually  from 
100  to  600  nm.  Beyond  600  nm  the  RWR  value  1.1  ±0.1  was  that  of  the  non- 
implanted  52100  (see  Table  I).  The  broken  line  indicates  the  trend  in  the  data.  The 
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RWR  values  are  markedly  higher  than  values  obtained  for  the  nitrided  carbon  steel; 
this  indicates  extreme  surface  hardening.  An  almost  identical  curve  was  obtained  for 
the  hardened  carbon  steel  implanted  with  titanium  ions. 


Fig.  t .  Relative  wear  resistance  of  titanium-implanted  52 100  steel  vs.  depth 

OCPTH  (run) 


ION  MILLING  TME(rnlnl 

Fig.  2.  Concentration  vs.  depth  profile  of  titanium  and  carbon  in  titanium-implanted  52100  steel  by 
Auger  analysis  with  ion  beam  milling:  Auger  lines  (■)TiJg,,v  and  (#)C,-,iV 


The  shape  of  the  RWR  versus  depth  curve  within  the  first  150  nm  of  the  surface 
follows  the  composition  versus  depth  curve  (Fig.  2)  of  a  titanium-implanted  52100 
steel  disc.  The  similarity  of  the  two  curves  is  evidence  that  abrasive  wear  responds  to 
hardness  at  the  surface  with  very  good  depth  resolution.  Nomarski  photo¬ 
micrographs  of  worn  surfaces  support  this  contention.  Medium-sized  scratches 
produced  during  one  abrasion  period,  shown  in  Fig.  3(a),  virtually  disappeared  after 
about  15  nm  of  material  had  been  removed  (Fig.  3(b)).  The  true  depth  sensitivity  of 
the  hardness  profiles  might  well  be  20  or  30  nm,  even  though  the  abrasive  particle 
size  is  1-5  pm  diamond.  Below  the  implanted  surface  ( « 1 50  nm)  the  wear  resistance 
fell  off  slowly  over  a  depth  of  about  600  nm.  Its  persistence  beyond  the  implanted 
layer  possibly  indicates  non-uniform  cutting;  that  is,  as  one  area  of  the  “hardened" 
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In  addition  to  titanium,  the  composition  protile  showed  a  large  unexpected 
concentration  of  subsurface  carbon.  Appearing  directly  below  the  oxide  layer,  the 
carbon  first  reached  a  maximum  concentration  of  about  five  times  the  bulk  value  of 
4  at.",,.  The  concentration  then  fell  off.  with  a  diffusion-like  tail,  to  almost  the  bulk 
value  at  a  depth  of  about  100  nm.  The  carbon  profile  actually  appeared  to  dip  to  a 
minimum  before  leveling  off.  We  do  not  yet  know  whether  this  dip  reflects  a  gradient 
in  the  carbon  concentration  or  is  an  Auger  artifact  associated  with  ion  milling 
through  a  rapidly  changing  interface.  Carbon  profiles  similar  to  that  shown  in  Fig.  2 
have  also  been  observed  in  low  carbon  A 1SI  304  stainless  steel  (Fe  l8Cr  SNiland  in 
pure  iron(<  20  ppm  C).  The  latter  observation  suggests  that  the  subsurface  carbon 
(above  background)  in  titanium-implanted  52100  steel  diffused  in  from  the  surface 
via  the  vacuum  sy  stem  during  implantation.  Knapp  et  al 2  also  observed  subsurface 
carbon  in  pure  iron  samples  implanted  with  titanium  and  likewise  have  attributed  it 
to  diffusion  from  the  surface. 

Auger  line  shape  analysis  was  used  to  infer  the  chemical  identity  of  titanium  and 
carbon  in  the  implanted  52100  steel.  The  carbon,  which  virtually  disappeared  in  the 
oxide  layer,  reappeared  below  it  in  the  form  of  titanium  carbide,  as  identified  by  the 
C > - 2 v  line  shape.  Titanium  carbide  was  also  identified  from  the  Ti,N5cV  and 
T i 4 2 o  v v  line  shapes1 '.  As  the  carbide  disappeared,  the  titanium  line  shapes  became 
more  like  those  of  metals. 

The  titanium  carbide  phase  may  be  very  fine.  Since  Auger  electrons  detect  the 
local  electronic  states  of  atoms.  Auger  spectra  cannot  easily  be  used  to  distinguish  a 
single  TiC  molecule  from  a  TiC  precipitate.  Knapp  et  al.'2  performed  transmission 
electron  microscopy  on  their  titanium-implanted  iron  samples  and  observed  no  TiC 
crystallites:  in  fact  they  saw  no  crystalline  features  at  all.  The  surface  of  titanium- 
implanted  iron  was  amorphous. 

The  wear  resistance  of  the  titanium-implanted  steel  surface  is  presumed  to  be 
due.  in  part,  to  the  presence  of  a  fine  carbide  phase  (of  unknown  origin)  within  the 
surface.  It  might  also  be  due  to  an  amorphous  microstructure.  Disordered  alloys 
may  be  both  harder  and  more  resistant  to  mild  wear  than  ordered  alloys,  as  a  wear 
study  by  Sheasby 14  of  an  Fe  Co  V  alloy  has  shown.  In  either  case,  the  increased 
resistance  to  sliding  wear  of  titanium-implanted  52IOO  bearing  steel,  reported  by 
Carosella  et  al/. can  be  attributed  to  a  hardened  surface  layer. 

3.2.  Nitrogen-implanted  52100  steel 

Nitrogen  implantation  did  not  affect  the  abrasive  wear  resistance  of  either 
52 100  or  hardened  carbon  steel.  The  nitrogen-implanted  discs  wore  at  the  same  rate 
as  non-implanted  discs  at  depths  to  300  nm  RWR  values  listed  in  Table  I  are 
averages  of  the  first  50  nm  of  wear.  Apparently  nitrogen  implantation  does  not 
"harden"  a  carbon  steel  already  quenched.  This  result  is  consistent  with  the  recent 
finding  of  Carosella  et  al 2  that  nitrogen-implanted  52100  bearing  steel  wore  no 
better  than  non-implanted  52100. 

Nitrogen  implantation  did.  however,  harden  the  tempered  carbon  steel.  Its 
RWR  value,  given  in  Table  I,  is  equal  to  the  RWR  value  of  nitrided  carbon  steel.  In 
fact  the  RWR  versus  depth  profile  of  the  tempered  steel  showed  that  the  RWR  value 
reached  about  1.8  after  10  nm  of  wear  but  fell  rapidly  to  the  bulk  value  after  100  nm 
of  wear6  7 .  The  different  responses  of  the  tempered  and  hardened  steels  to  nitrogen 
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implantation  may  be  related  to  the  stability  of  their  microstructures;  the  tempered 
steel  has  an  equilibrium  microstructure  whereas  the  hardened  steels  have  a 
metastable  microstructure  (martensite).  We  are  presently  pursuing  this  possibility 
with  hardness  and  electron  microscopy  studies  on  several  microstructures. 

4.  SUMMARIZING  REMARKS 

The  implantation  of  titanium  ions  into  hardened  (AISI  52100)  bearing  steel  was 
found  to  increase  its  resistance  to  fine  particle  (1-5  pm  diamond)  abrasion.  The 
dramatic  increase  in  abrasion  resistance  indicates  a  greatly  hardened  surface  layer. 
This  hardness  is  attributed  to  the  presence  of  a  fine  titanium  carbide  phase  (of 
unknown  origin)  in  an  amorphous  Fe-Ti  alloy  surface  layer.  The  implantation  of 
nitrogen  ions  into  52100  steel  did  not  increase  its  resistance  to  fine  particle  abrasion. 
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ABSTRACT 

Friction  measurements  (low  speed,  dry  sliding)  were  performed  on  52100  steel 
implanted  with  Ti  to  fluences  between  5  and  50  x  10*6/cm  .  Auger  analysis  and 
transmission  electron  microscopy  (TEM)  were  used  to  identify  the  composition  and 
microstructure  of  the  implanted  surfaces.  At  the  highest  fluence,  implanted 
disk/nonimplanted  couples  had  a  friction  coefficient  of  y  ^  =  0.38,  compared  to  y  ^  = 
0.62  for  nonimplanted  couples;  moreover,  the  implanted  surface  resisted  scarring.  The 
surface  contained,  in  addition  to  Fe  and  Ti,  an  excess  quantity  of  a  carbide  form  of  C  (8 
x  1016C/cm2)  which  extended  150  nm  into  the  surface  with  a  diffusion-like  profile.  TEM 
detected  only  non-eyrstalline  material  in  a  thinned  impla/ited  foil,  suggesting  the 
surface  layer  was  amorphous.  At  lower  fluences,  16  x  10lb  and  5  x  1016Ti/cm  ,  the 
implanted  steel  displayed  extremely  high  friction  (yj,  =  0.9)  before  the  surface  wore 
through  and  the  friction  returned  to  its  nonimplanted  value.  Excess  carbon 
concentrations  were  2  x  10*6C/cm2  and  0.2  x  10*°  C/cm  ,  respectively.  The  near  surface 
Ti  and  C  concentrations  were  nearly  equal  at  the  metal/metal  oxide  interface  for 
higher  fluence  implants.  A  model  for  C  gettering  by  exposed  surface  Ti  is  presented 
and  supported  by  these  results. 


INTRODUCTION 

The  tribological  behavior  of  materials  is  often  controlled  by  the  chemistry  of  the 
surface  layers  [1] .  It  is  therefore  not  surprising  that  ion  implanation  can  markedly 
affect  the  friction  and  wear  of  metals  and  alloys  [2,3].  Ion  implantation  can  produce 
rather  unique  surface  alloys  which  cannot  be  formed  by  conventional  metallurgical 
techniques,  e.g.,  metastable  alloy  phases  and  even  amorphous  structures  [4,5] .  It  is 
therefore  necessary  to  determine  the  chemical  and  structural  modifications  produced  in 
implanted  surfaces  in  order  to  understand  how  implantation  controls  tribological 
behavior. 

Recent  investigations  [6,7]  of  AISI-52100  steel  (a  martensitic  bearing  alloy  of 
Fe-1.5Cr-lC  by  weight)  implanted  with  Ti  to  a  high  fluence  (46  x  10*°Ti/cm")  illustrate 
the  need  for  such  an  approach.  Ti  implantation  produced  a  highly  wear  resistant 
surface.  Composition  analyses  of  the  surface  showed,  in  addition  to  Ti,  a  large 
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concentration  of  C  (20  at.%  max)  which  had  not  been  anticipated  from  the  implantation 
process.  The  wear  resistance  could  therefore  be  attributed  to  the  presence  of  a  ternary 
Fe-Ti-C  surface  layer.  Knapp,  et  al.  [8]  generated  further  interest  in  Ti-implanted  Fe 
surfaces.  They  detected  large  amounts  of  C  in  Ti-implanted  pure  Fe  samples  and  found 
that  the  Fe-Ti-C  layers  were  completely  amorphous. 

In  the  present  study,  we  have  examined  the  tribological  behavior,  chemistry,  and 
microstructure  of  52100  steel  implanted  with  Ti  to  fluences  between  5  and  50  x 
IflloTi/cm2.  Friction  coefficient  measurements  and  wear  scar  analyses  are  used  to 
evaluate  the  dry  sliding  behavior  of  implanted  surfaces.  Results  are  compared  to 
friction  studies  on  conventionally  prepared  Fe-based  alloys.  Auger  spectroscopy  in 
conjunction  with  ion  milling  provides  composition  profiles  and  chemical  analysis  of  the 
implanted  surface.  Composition  vs  Ti  fluence  data  are  used  to  support  a  proposed 
model  for  the  incorporation  of  C  into  the  implanted  surface.  Transmission  electron 
microscopy  is  used  to  examine  the  microstructure  of  52100  steel  implanted  to  50  x 
10lbTi/cm  .  The  role  of  C  in  forming  this  unique  surface  layer  is  discussed. 


EXPERIMENTAL  PROCEDURES  AND  DATA  ANALYSIS 
Implantation 

Implantation  of  the  AISI-52100  steel  samples  was  done  with  a  modified  Model 
200-20  A2F  Varian/Extrion  ion  implanter.  The  ion  source  is  a  hot  filament  (cathode)  arc 
discharge  type.  An  internal  chlorination  technique  was  employed  to  produce  Ti  ion 
beams.  Chlorine  gas  is  passed  through  fine  titanium  powder  contained  in  a  graphite 
chamber  mounted  within  the  source,  near  the  filament,  producing  titanium  chlorides. 
The  chlorides  volatilize  at  the  high  source  temperature  (800°C)  and  are  subsequently 
ionized.  Ion  beam  intensities  of  about  200  p  A  of  48Ti+  are  routinely  obtained. 

The  AISI-52100  steel  samples,  disks  0.95  cm  in  diameter  and  0.32  cm  thick,  were 
heat-sunk  onto  a  water-cool  holder  and  were  kept  near  room  temperature  (<  4Q°C) 
during  the  implantation.  Six  samples  were  implanted  simultaneously  with  190  keV  48Ti+ 
in  a  target  chamber  that  was  cryogenically  pumped  to  pressures  of  about  5  x  10-2  torr. 
The  ion  beam  was  scanned  electrostatically  over  the  sample  holder  to  give  a  uniform 
current  density  of  15  to  20  pA/cm  .  The  implantation  was  stopped  when  the  lowest 
fluence  (5  x  Mrb/cm2)  was  reached.  The  samples  were  removed  from  the  vacuum,  two 
were  placed  in  a  dessicator,  and  the  remaining  four  were  returned  to  the  target 
chamber  for  further  implantation.  This  process  was  repeated  after  16  x  10^/cm2  and 
finally  50  x  10lb/cm  ,  which  gave  two  samples  each  at  three  doses. 

Kinetic  Coefficient  of  Friction 

The  apparatus  used  to  measure  the  kinetic  coefficient  of  friction  was  a  "stick- 
slip"  machine.  It  utilized  a  sphere  sliding  on  a  plane  surface  (disk).  AISI-52100  steel 
disks  were  rough  polished  with  9-25  pm  alumina  paste  in  water.  Final  polishing  was 
with  0.25  pm  diamond  paste  in  water  on  a  pitched  lap.  Surfaces  had  a  mirror  finish 
with  a  surface  roughness  less  than  0.025  pm.  After  being  polished  these  samples  were 
stored  in  a  dessiccator.  Just  prior  to  friction  measurements  the  disks  were  wiped  clean 
with  benzene  and  2 -propanol.  The  sliders  were  1.27  cm  diameter  spheres  of  AISI-52100 
steel  with  a  surface  roughness  of  0.025  pm.  These  sliders  were  cleaned  by  refluxing 
benzene  in  a  Soxhlet  extractor.  Sliders  and  disks  had  bulk  hardness  of  about  R  =60. 
The  slider  in  the  "stick-slip"  apparatus  is  attached  to  an  elastically  restrained  friction 
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arm,  and  the  disk  is  clamped  to  a  sliding  table  so  that  the  disk  moves  under  the  steel 
slider.  Two  pairs  of  resistance  strain  gauges  bonded  to  the  arm  measure  the  normal  and 
tangential  forces  (load  and  friction). 


The  kinetic  coefficient  of  friction  was  measured  in  air  at  23°C  at  a  sliding 
velocity  of  0.01  cm/sec.  Neither  surface  was  intentionally  lubricated.  A  normal  force 
of  9.8N  was  used,  producing  a  peak  Hertzian  pressure  of  0.57  GPa.  Multiple  unilateral 
traverses  were  made  over  the  disks.  The  first  traverse  was  5  mm  in  length  and 
subsequent  traverses  were  made  over  the  center  3  mm  of  the  first  traverse  without 
rotating  the  slider.  Tracks  produced  on  the  discs  were  photographed  with  a  Michelson 
interference  microscopy.  Monochromatic  (yellow)  light  produced  interference  bands 
with  a  fringe  spacing  of  294  nm. 

Auger  Analysis 

Auger  analysis  was  performed  in  a  UHV  chamber  equipped  with  a  Perkin-Elmer 
(PHI)  model  545  Auger  microprobe,  a  rasterable  ion  gun,  a  Ti  sublimator  and  liquid 
nitrogen  cooled  cryopanels.  The  electron  gun  was  operated  at  2  kV,  with  a  1  p  A  beam 
current,  rastered  over  a  spot  size  of  50  pm  to  reduce  the  intensity.  Auger  derivative 
spectra  were  recorded  either  directly  or  by  a  peak-height  recording  multiplexer  with  a 
3  qY  modulation  amplitude.  The  ion  gun  was  operated  in  an  Ar  atmosphere  (about  5  x 
10 Torr)  with  a  rastered  beam  of  2  keV  Ar  ions,  at  selected  current  densities  between 
2  and  30  p  A/cm  .  Depth  profiles  were  recorded  during  ion  milling  with  Ti  sublimators 
operating  and  cryopanels  cooled  to  liquid  nitrogen  temperature.  These  procedures 
reduced  contamination  of  ion-milled  surfaces  by  residual  gas  vapor  to  below  detectable 
levels. 


Quantitative  analysis  was  performed  with  the  standard  normalizing  formalism 
(91. 
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where  Xj  is  the  atomic  concentration  of  element  i,  I  is  the  Auger  peak-to-peak 
intensity,  and  S  is  the  Auger  sensitivity  factor  for  a  given  Auger  peak.  S  values  were 
determined  from  Auger  analysis  of  reference  samples  of  known  composition.  These 
values  are  listed  in  Table  1  for  the  principal  Auger  peaks  used  to  characterize  each 
species  (note  the  shorthand  notation,  e.g.,  Ti^™,  meaning  the  peak-to-peak  intensity  of 
the  spectrum  around  420  eV  from  a  Ti  Auger  electron).  The  value  for  Cr530  (relative  to 
Fe65o)  was  obtained  from  FeCr  alloys  (Fe25Cr,  304  steel,  440C  steel,  and  52100  steel); 
the  value  for  C270  (relative  to  Cr530)  from  Cr23Cg,  Cr^Cg  and  Cr3C2  powders.  The 
value  for  Ti^2Q  was  obtained  from  a  Ti-implanted  52100  steel  whose  concentration 
profile  was  established  by  a  resonant  nuclear  reaction  analysis  [6] . 

Table  1.  Sensitivity  factors  for  Auger  peak-to-peak  intensities  acquired  at  a  modulation 
amplitude  of  3  eV 


Auger  Peak 


^e650  Cr530  T’420  C27q 


S 


0.48  0.47 


0.17 


56 


0.36 


This  normalization  procedure  was  used  to  calculate  atom  concentrations  from 
Auger  depth  profile  data.  Two  types  of  errors  arise  in  this  analysis.  One  type  is 
associated  with  the  systematic  errors  in  Auger  intensity  measurements.  These  errors 
will  be  given  with  concentration  values  in  Table  2  since  our  concern  here  is  with  the 
relative  concentrations  of  Ti  and  C  as  a  function  of  Ti  ion  fluence.  A  second  error  has 
to  do  with  the  accuracy  of  sensitivity  factors  and  therefore  the  absolute  accuracy  of 
these  atom  concentrations.  Concentrations  obtained  with  S  values  in  Table  1  are 
probably  accurate  ±  20%,  with  the  exception  of  Ti  concentration  for  Ti/0  or  Ti/C  ratios 
<_  1.  At  these  ratios  values,  the  Ti  lineshape  changes  and  therefore  its  S  value  also 
changes.  Thus  absolute  values  of  the  concentrations  in  Table  2  may  be  no  better  than 
20%  or  even  worse  for  Ti.  Values  of  the  excess  C  content  were  obtained  by  integrating 
the  area  under  the  profile  vs.  depth  curve. 

Table  2.  Measured  concentrations  of  C*  and  Ti  at  metal  oxide/metal  interface,  (C*)s 
and  (Ti)g  respectively,  and  doses  of  C*  in  Ti-implanted  52100  steel 


Fluence 

(C*)„ 

(TiL 

C*  dose 

(1016Ti/cm2) 

(at.9$ 

(at.ll) 

(1016  atoms/cm2) 

5 

5  ±  0.5 

1  ±  0.1 

<  0.2 

16 

9  ±  1 

7  ±  1 

1.9 

50 

16  ±  1 

23+3 

8.3 

The  depth  scale  for  the  Auger  profiles  was  established  by  Michelson 
interferometry.  Auger  depth  profiles  were  taken  near  the  edges  of  partially  masked 
steel  surfaces.  The  depth  of  an  ion-milled  step  was  later  measured  with  a  Michelson 
interferometer  to  an  accuracy  of  about  ±  5  nm.  This  procedure  gave  the  depths  at 
which  several  composition  profiles  had  been  terminated.  Since  no  differences  were 
observed  in  the  sputter  rates  of  Ti-implanted  and  nonimplanted  steels,  the  depth  scale 
was  taken  to  be  proportional  to  milling  time. 

Transmission  Electron  Microscopy 

Specimens  were  prepared  for  ion  implantation  by  cutting  a  250  y  m  thick  slice 
from  a  52100  disk  with  a  low-speed  diamond  wheel.  3  mm  diameter  disks  were  punched 
from  this  slice,  then  fine-ground  to  approximately  100  ym  thckness.  One  surface  of 
each  disk  was  given  a  short  electropolish.  The  polished  surface  was  irrmlanted  in  the 
manner  described  in  section  2a  to  a  fluence  of  50  x  Hr6  Ti/cm  .  Following 
implantation,  the  specimen  was  thinned  from  the  back  surface  with  a  dual-jet 
electropolisher  (implanted  surface  masked)  using  an  electrolyte  of  250  ml  methyl 
alcohol,  150  ml  n-butyl  alcohol,  and  30  ml  perchloric  acid  at  a  voltage  of  90  V,  current 
of  30  mA,  and  temperature  of  -60°C. 

Transmission  electron  microscopy  and  selected-area  diffraction  were  performed 
on  two  instruments:  a  JEM-200A  and  a  JEM-200CX,  both  operating  at  200  kV.  Because 
of  its  higher  resolution  (0.5  nm  point),  the  JEM  200CX  was  used  for  dark  field 
investigations  of  the  sizes  of  coherently  scattering  regions  in  the  implanted  layer. 
Values  of  S  for  the  diffuse  diffraction  rings  were  measured  by  microdensitometry,  and 
agreed  within  1%  for  patterns  recorded  on  the  two  instruments. 
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RESULTS 


Friction  and  Wear 

Fig.  1  summarized  the  kinetic  coefficient  of  friction  (u  k)  data  measured  for  a 
52100  ball  sliding  on  Ti-implanted  52100  disks.  Data  points  represent  average  values  of 
y  k  for  each  pass;  vertical  bars  indicte  high  and  low  values  of  y  k  where  stick -slip  was 
observed.  A  disk  implanted  to  fluence  of  50  x  1016Ti/cm2  quickly  reached  steady  state 
yk  =  0.38.  This  value  is  considerably  smaller  than  uk  =  0.62,  the  steady-state  value 
obtained  with  nonimplanted  52100  disks. 

The  friction  coefficients  for  disks  implanted  at  lower  fluences  of  Ti  were 
markedly  different,  as  illustrated  also  in  Fig.  1.  A  disk  implanted  to  16  x  Hr”  Ti/cm2 
initially  had  low  average  y  k  values,  with  large  stick-slip  behavior.  But  after  ten 
passes,  yk  rose  to  a  value  of  0.88,  then  fell  to  the  steady  state  value  of  the 
nonimplan{ed  disc,  y  k  =  0.62.  A  disk  implanted  to  the  lowest  fluence  investigated  (5  x 
Hr6  Ti/cm2)  had  a  large  value  of  y  k  =  0.94  on  the  first  pass,  which  gradually  fell  to  the 
steady  state  value  of  the  nonimplanted  disk  after  7  passes. 

Wear  tracks  Dtoduced  during  friction  tests  are  shown  in  Fig.  2.  The  disk 
implanted  to  50  x  Hr”  Ti/cm2  (Fig.  2a)  was  virtually  scar  free,  unlike  the  two  discs 
implanted  to  the  lower  fluences  (Figs.  2b-2d).  Interferograms  in  Figs.  2b-2d  indicate 
the  depths  of  the  tracks  on  the  scarred  surfaces.  Wear  tracks  on  the  disk  implanted  to 
16  x  Hr”  Ti/cm2  changed  considerably  from  the  tenth  to  the  twentieth  pass,  as  did  the 
y  k  values.  After  ten  passes  (yk  =  0.94),  the  track  was  uniformly  depressed  about  40 
nm  below  the  original  surface  (Fig.  2b).  By  the  twentieth  pass  (y  k  =  0.62),  deep  (>  300 
nm)  plow  marks  were  also  visible  (Fig.  2c).  Plow  marks  were  also  observed  after  7 
passes  on  the  disk  implanted  to  5  x  101”  Ti/cm2  (Fig.  2d).  This  disk  also  showed 
evidence  of  adhesion  even  with  no  sliding.  A  scar  was  produced  on  the  disk  after 
contacting  with  the  ball  at  a  9.8N  load.  No  such  mark  was  observed  on  the  disks 
implanted  at  the  two  higher  fluences. 

Auger  Analysis 

Auger  depth  profiles  were  obtained  from  52100  disks  implanted  at  the  same  time 
as  those  used  in  the  friction  experiments.  Auger  peak-to-peak  intensities  as  well  as 
selected  derivative  spectra  are  shown  in  Fig.  3  for  a  disk  implanted  to  a  fluence  of  50  x 
10 1”  Ti/cm2.  The  outermost  surface  (about  6  nm)  was  ion  milled  at  a  slower  rate  than 
the  remaining  200  nm,  giving  the  expanded  scale  of  the  oxide  layer  seen  on  the  left- 
hand  side  of  Fig.  3. 

The  chemical  state  of  C,  Fe  and  Ti  in  the  surface  layer  could  be  identified  from 
spectra  taken  before  ion  milling  began.  A  hydrocarbon-like  overlayer  covered  the  oxide 
layer,  which  consisted  of  Fe  oxide  on  top  of  Ti  oxide.  The  Fe  oxide  was  probably 
FeoOo,  identified  by  the  Fe  MW  spectral  lineshape  [10]  (not  shown);  the  Ti  oxide  was 
probably  Ti02>  identified  by  the  Ti  LMM  lineshape  [11].  The  carbon  overlayer  and  Fe 
oxide  layer  were  very  thin.  Once  ion  millling  had  commenced,  the  carbon  disappeared 
rapidly  (1/2  minutes  of  exposure  at  about  3  yA/cm2),  and  the  Fe  became  metal-like, 
according  to  the  Fe  MW  lineshape  [10] .  Meanwhile  the  O515  and  T^q  intensities  grew 
simultaneously.  At  its  maximum  in  the  oxide  layer,  the  Ti  LMM  spectrum  (shown  in 
Fig.  3)  was  that  of  Ti02  [10] .  As  the  oxide  disappeared,  a  C27q  carbide  signal  appeared, 
reaching  a  maximum  intensity  at  what  we  arbitrarily  define  as  the  metal  oxide/metal 
interface. 


58 


16  x  1016  Ti/cm2 
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Fig.  2  —  Interference  micrograph  of 
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scars  on  Ti-implanted  521 00  steel 
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Fig.  3  —  Auger  depth  profile  of  Ti-implanted  52100  steel  (50  X  1016  Ti/cm2  at  190  keV).  Oxide 
layer,  shown  with  expanded  depth  scale  on  left,  was  profiled  at  a  low  ion  milling  rate  (J  ~  3-5 
(iA/cm2).  Implant  region,  on  right,  was  profiled  at  J  ~  25  pA/cm2.  Portions  of  Ti  LMM  spectra 
(360-430  eV)  were  obtained  with  modulation  amplitude  of  3  eV;  and  those  of  the  C  KLL  spectra 
(250-280  eV)  with  1  eV. 


The  lineshape  of  the  Co™  spectrum  at  the  interface  (shown  in  Fig.  3)  is  identical 
to  that  observed  for  C27Q  in  TiC  [12].  It  can  be  easily  distinguished  from  other  forms 
of  carbon  [13]  and  even  tne  other  form  of  carbide  present  in  the  52100  steel  (note  the 
C^70  spectral  lineshape  at  a  depth  of  about  200  nm).  The  Ti  spectrum  at  the  metal 
oxide/metal  interface  also  showed  a  lineshape  nearly  identical  to  that  observed  in  TiC 
[12] .  These  lineshape  identifications  suggest  that  C  atoms  are  bonded  preferentially  to 
Ti  atoms. 

Beyond  the  metal  oxide/metal  interface,  the  C270  intensity  fell  to  bulk  value 
(aobut  4  at.%)  for  52100  steel.  The  T^o  intensity  continued  to  grow,  reached 
maximum  value  between  60  and  70  nm,  then  disappeared  by  200  nm.  As  the  Ti,™ 
intensity  fell  to  zero,  the  Ti  spectral  lineshape  (see  Fig.  3)  became  more  metal-likc  [ll] . 
The  T1420  curve  follows  the  depth  profile  expected  for  a  surface  subjected  to  sputter 
erosion  during  implantation:  a  broadened  Gaussian  profile  with  a  significant 
concentration  of  Ti  at  the  surface  [14] . 

Many  of  the  same  features  were  observed  in  Auger  depth  profiles  of  52100  disks 
implanted  at  the  two  lower  Ti  fluences.  A  thin  Fe203  layer  covered  a  TiC^  layer.  The 
C27q  carbide  peaked  at  the  metal  oxide/metal  interface,  then  fe]l  off;  ib>  intensity  fell 
to  bulk  value  at  a  depth  of  50  nman  the  <]isk  implanted  to  16  x  Kr°  Ti/cm  ,  and  at  15  nm 
on  the  disk  implanted  to  5  x  101”  Ti/cm  .  The  Ti42n  depth  profiles  were  a  Gaussian. 
There  was,  of  course,  proportionately  less  Ti  at  lower  Ti  fluences. 

Atom  concentrations  have  been  calculated  from  the  Auger  data  using  the 
semiquantitative  normalization  procedures  discussed  in  Section  2.  Table  2  lists  the 
concentrations  of  excess  C  and  Ti  at  the  metal  oxide/metal  interface,  (C*)s  and  (Ti)s 
respectively.  The  excess  C  was  computed  by  subtracting  (Cbulk)  =  4%  from  the 
normalized  C  concentration.  Also  listed  in  Table  2,  under  a  column  headed  C*  dose,  are 
values  for  the  excess  C  content  at  the  three  fluences  examined.  Results  in  Table  2  are 
pertinent  to  the  discussion  in  Section  4b  on  how  C  enters  the  implanted  surface  layer. 
Finally,  the  Ti  +  C  content  accounted  for  nearly  50%  of  the  atoms  in  the  first  100  nm  of 
the  52100  steel  implanted  to  a  fluence  of  50  x  Hr6  Ti/cm  . 

Transmission  Electron  Microscopy 

A  thinned  foil  of  52100  disk  implanted  to  a  fluence  of  50  x  10^  Ti/cm^  was 
examined  by  transmission  electron  microscopy.  A  diffraction  pattern  from  a  thin  layer 
(about  60  nm)  is  shown  in  Fig.  4.  At  least  four  diffuse  rings  were  observed.  The  wave 
number  s(s  =  4n/sin0  =  2n/d,  where  d  is  the  atomic  spacing)  for  the  first  ring  and  wave 
number  ratios  for  the  last  three  rings  are  listed  in  Table  3.  The  wave  numbers  are 
about  the  same  (maybe  a  few  percent  smaller)  as  values  for  amorphous  Fe  [15]; 
moreover  their  ratios  also  agree  to  better  than  one  percent  with  those  from  amorphous 
Fe.  Dark  field  micrographs  apertured  on  the  first  diffuse  ring  showed  no  crystallites 
(i.e.,  coherently  scattering  regions)  with  diameters  greater  than  0.5  nm,  the  resolving 
power  of  the  microscope.  Bright  field  micrographs  of  thin  sections  also  showed  what 
appear  to  be  "ghosts"  of  carbides,  i.e.,  weak  contrast  features  the  size  of  carbides 
observed  in  non-implanted  52100  steel  foils.  Diffraction  patterns  of  these  "ghosts"  also 
showed  no  evidence  of  cwstallinity.  These  results  suggest  that  Ti  implanted  to  a 
fluence  of  50  x  10lb  Ti/cm*  produced  an  amorphous  layer  in  this  multiphased  hardened 
steel. 
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Fig.  4  —  Transmission  electron  diffraction  pattern  from  a  thinned  foil  of  52100  steel  implanted 

with  50  X  lO^Ti/cm2. 
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Table  3.  Positions  of  diffraction  peaks  from  thin  foils  jr  Ti-implanted  52100  steel 


Peak  Position 


s2/si 


Peak  Ratios 

s3/si  s4/s! 


3.01  t  0.02 


1.6(8) 


2.0(4) 


2.5(8) 


DISCUSSION 
Tribological  Behavior 

In  the  two  previous  reports  on  tl|£  friction  and  wear  of  52100- steel  implanted  to 
high  fluences  of  Ti  (4.6  x  Hr*  Ti/cm2)  [6,7],  we  speculated  that  the  excess  C,  in 
combination  with  Ti,  improved  the  tribological  properties  of  the  implanted  surface.  In 
the  present  study,  the  friction  and  wear  results  (Figs.  1  and  2)  not  only  suggest  that  C  is 
an  important  ingredient  but  that  without  C,  Ti  may  adversely  affect  tlie  tribotogical 
behavior  of  steel.  According  to  Table  2.  very  little  excess  C  (0.2  x  10-* b  C/cm2)  was 
present  in  the  disk  implanted  to  5  x  Hr®  Ti/cm2.  The  friction  coefficient  on  this 
predominantly  Fe-Ti  alloy  surface  was  initially  pk  =  0.9,  approximately  50%  greater 
than  the  nonimplanted  52100  steel  couples.  Considerably  more  excess  C  (1.9  x  1016 
C/cm2)  was  present  in  the  disk  implanted  to  16  x  10lb  Ti/cm2,  most  of  it  concentrated 
within  the  outermost  50  nm  of  the  surface.  This  disk  showed  reduced  friction  on  the 
first  few  passes.  By  the  tenth  pass,  however,  sliding  action  had  worn  away  the 
outermost  40  nm  of  the  surface  (Fig.  2b),  where  most  of  the  excess  carbon  resided.  The 
friction  coefficient  against  this  subsurface  Fe-Ti  alloy  layer  measured  about  yk  =  0.9. 
Thus  in  both  lower  fluence  disks,  a  high  pk  value  occurred  when  52100  steel  was  rubbed 
against  an  Fe-Ti  alloy  surface.  The  steady  state  nonimplanted  value  of  pk  =  0.6  was 
reached  only  after  the  implanted  layer  (about  200  nm)  was  penetrated. 

Several  Fe-based  alloys  have  larger  friction  coefficients  than  Fe  itself.  Miyoshi 
and  Buckley  [16]  found  increased  yk  values  on  Fe  alloyed  with  Ti,  W,  Mn,  Ni,  and  Rh  in 
tests  performed  at  high  vacuum  with  a  SiC  slider.  Buckley  [17]  has  also  showed  that  an 
Fe  slider  on  Fe-Al  alloys  produced  increases  in  pk.  Iwaki  et  al.  [18]  reported  that  both 
Ni  and  Cu  implants  produced  increased  Pk  values  in  implanted  Fe/Fe  couples  tested  in 
air.  Therefore,  Fe-based  binary  alloy  surfaces  formed  by  ion  implantation  appear  to 
have  similar  high-friction  behavior  as  their  bulk  alloyed  counterparts. 

Miyoshi  and  Buckley  [16]  also  found  that  the  chemical  activity  of  an  alloying 
element  was  an  important  parameter  in  controlling  the  friction  of  Fe-based  alloys.  One 
way  that  chemically  active  elements  may  affect  friction  is  by  modifying  the  oxide 
layer.  Buckley  [19]  has  demonstrated  quite  convincingly  that  the  coefficient  of  friction 
between  52100  steel  couples  depends  strongly  on  the  chemistry  of  the  oxide  layer 
formed  during  sliding.  Results  of  friction  experiments  performed  in  controllable 
vacuum  showed  that  reduced  iron  oxide  layers  (i.e.,  mainly  FeO)  had  lower  uk  values 
than  the  principally  Fe203  layers  formed  at  atmospheric  pressure.  Neither  of  these 
oxide  layers,  however,  can  develop  to  full  thickness  on  Fe  alloys  containing  a 
chemically  active  metal,  such  as  Ti.  As  the  Auger  analysis  has  shown,  oxide  layers  on 
Ti-implanted  52100  steel  have  a  TiC>2  layer  sandwiched  between  a  thin  outer  Fe203 
layer  and  the  metallic  substrate.  Thus,  chemically  active  implant  species  may  prevent 
lubricating  Fe  oxide  layers  from  forming  during  wear. 
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Steels  implanted  to  high  fluenees  (ca.  50  x  1016  Ti/cm2),  by  contrast,  have 
superior  tribological  sufaces.  Sliding  [6]  and  abrasive  [7]  wear  studies  suggest  that  the 
surface  is  extremely  hard.  The  inability  of  a  loaded  52100  ball  slider  to  "scratch"  this 
surface  also  attests  to  its  hardness.  Hard,  wear  resistant  surfaces  with  low  friction  are 
often  obtained  with  refractory  carbide  coatings,  such  as  TiC.  The  implanted  layer  is, 
however,  unlike  conventional  hard  coatings.  Auger  analysis  (Section  3b)  and 
transmission  electron  microscopy  (Section  3c)  identified  the  surface  as  an  amorphous 
nonstoichiometric  Fe-Ti-C  alloy,  with  C  extending  to  a  depth  of  about  150  nm  and  Ti,  to 
about  200  nm.  Auger  lineshape  analysis  indicated  that  C  bonded  preferentially  to  Ti 
atoms.  However  these  "TiC"  species  are  probably  just  molecular  in  size  and  not  a 
precipitated  phase  since  TEM  micrographs  failed  to  show  any  coherent  phases  larger 
than  0.5  nm. 

It  is  clear  from  earlier  discussion  on  the  lower  fluence  implants  that  C  plays  a 
crucial  role  in  the  formation  of  this  superior  tribological  surface.  Carbon  by  itself  is 
not  responsible  for  the  friction  or  wear  reduction;  implantation  of  C  into  52100  steel  did 
not  significantly  affect  friction  or  wear  behavior  [6].  Carbon  may,  however,  have 
stabilized  the  amorphous  state  in  the  Fe-Ti  surface  alloy  as  it  has  been  shown  to  do  in 
sputter-deposited  films  of  18Cr8Ni  steel  [20] .  At  present  the  wear  behavior  of 
amorphous  steels  has  not  been  established.  However,  amorphous  steel  layers  have  been 
shown  to  have  superior  corrosion  resistance  [21]  and  therefore  may  be  expected  to 
resist  mild  oxidative  wear. 

Carbon  may  also  affect  the  residual  stress  retained  in  the  implanted  steel.  The 
Ti-implanted  surface  is  subjected  to  large  stresses  both  from  the  implanted  ions  as  well 
as  the  excess  C.  C  atoms  tend  to  strain  the  host  lattice  in  proportion  to  their 
concentration  even  in  rapidly  quenched  alloys  [22] .  Based  on  the  C  concentration 
profile  (Fig.  3),  one  would  expect  a  large  strain  gradient  from  the  surface  inward. 
Normally,  an  Fe  lattice  could  accommodate  the  C-induced  strain  by  transforming  to 
martensite.  This  transformation,  however,  requires  that  the  C  atoms  move  to  selected 
interstitial  sites.  But  in  a  Ti-implanted  surface,  C  atoms  are  bound  to  Ti  atoms  and  are 
therefore  immobile.  Thus  stresses  are  frozen  into  the  surface.  High  stresses  can 
strengthen  and  harden  surfaces  and,  in  fact,  wear  resistant  coatings  are  often  tailored 
to  achieve  large  stress  gradients  near  the  surface.  Therefore,  C  may  contribute  to 
improving  the  resistance  of  the  Ti-implanted  surface  to  both  chemical  and  mechanical 
wear. 

Origin  of  Excess  Carbon 

Knapp  et  al.  [8]  have  speculated  that  excess  C  enters  the  Ti-implanted  surface 
from  the  vacuum  system.  According  to  their  model,  a  C  layer  forms  on  the  surface  due 
to  breakdown  of  residual  hydrocarbon  molecules  by  the  ion  beam.  Above  some 
minimum  Ti  fluence,  the  C  layer  reaches  a  constant  steady-state  concentration  while 
the  C  duffuses  inward.  The  C27Q  Auger  intensity  vs  depth  profile  in  Fig.  3  appears  to 
be  some  type  of  diffusion  curve  originating  at  the  surface.  However,  the  shape  of  the 
^"270  Pr°file  does  not  fit  the  well-known  diffusion  profile,  K(d),  expected  for  a  constant 
source  concentration,  Kc  [23]: 

K(d,t)  =  K  erfc  ( - - - )  ,  (1) 

O  1/2 

2(Dtr^ 
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where  d  is  depth  from  the  surface,  t  is  the  exposure  time,  and  D  is  a  diffusion  constant. 
The  experimental  Auger  curves  (at  all  fluences)  were  more  peaked  at  the  surface  than 
the  theoretical  curve  of  equation  (1).  Moreover,  the  amount  of  diffusion  carbon  M(t) 
which  enters  the  subsurface  would  according  to  Knapp's  model  increase  as 

M(t)  <*  /T  ,  (2) 

whereas  the  C*  dose  vs.  fluence  data  in  Table  2  clearly  increase  faster  than/fT  (Time 
and  fluence  are  proportional,  in  the  present  context,  since  the  samples  were  implanted 
at  approximately  a  constant  beam  current  density.) 

In  the  remaining  paragraphs  we  present  a  slightly  different  model  for  the  entry 
of  C  into  Fe.  Although  the  model  is  addressed  specifically  to  the  problem  of  Ti 
implanted  in  Fe,  it  may  also  be  applicable  to  implantation  of  any  strong  carbide  formers 
such  as  Nb,  V,  .  .  ..  The  model  presented  here  is,  like  Knapp's  [8] ,  a  diffusion  model.  It 
differs,  specifically  on  the  mechanism  by  which  a  C  layer  is  absorbed  by  the  Ti- 
implanted  surface.  The  two  models,  therefore,  have  different  dependences  of  excess  C 
buildup  on  the  surface  and,  hence,  different  time  (fluence)  dependences  of  the 
subsurface  C  content. 

The  principal  assumption  of  the  proposed  model  is  that  the  C  atoms  which 
diffuse  into  the  bulk  originate  as  TiC  molecules  on  the  surface.  TiC  molecules  are 
presumed  to  be  formed  at  free  Ti  sites  by  dissociative  chemisorption  of  carbonaceous 
gas  molecules;  the  latter  molecules  (e.g.,  CO,  CO2  •  .  .)  are  abundant  during 
implantation  in  a  vacuum  chamber  whose  "vacuum"  is  typically  no  better  than  5  x  10-7 
Torr.  These  TiC  molecules  act  as  a  source  of  C  for  "carburizing"  the  subsurface.  The 
process  is  analogous  to  gaseous  carburizing  whereby  C  atoms  from  the  gas  phase 
dissolve  in  the  surface,  then  diffuse  into  the  bulk.  One  major  difference  between  the 
two  processes  is  that,  in  gaseous  carburizing,  the  surface  concentration  is  kept 
constant,  whereas  in  the  present  model,  the  concentration  increases  proportional  to  the 
surface  Ti  concentration. 

The  buildup  of  C  on  the  surface  and,  therefore,  in  the  bulk  is  governed  by  (Ti)s, 
the  concentration  of  Ti  on  the  surface.  (Ti)s  depends  on  the  Ti  fluence  as  well  as  the 
sputtering  rate  of  the  surface.  At  low  fluences,  all  of  the  Ti  is  embedded  below  the 
surface  and  therefore  (Ti)s*#  0.  But  as  the  impinging  ions  sputter  erode  the  original 
surface,  an  increasing  fraction  of  the  embedded  Ti  is  uncovered  and  becomes  part  of 
the  receding  surface.  Table  2  shows  the  expected  build  up  of  (Ti)g  with  increasing 
fluence.  (C*)s  and  C*  dose  values  also  increased  with  increasing  (Ti)s  in  agreement 
with  the  present  model.  (C*)„  was  roughly  proportional  to  (Ti)s,  except  at  the  lowest 
fluence.  This  value  of  (C*)s  =  5%  is  probably  due  mostly  to  native  surface 
contaminants,  suggesting  that  a  fluence  of  5  x  l(r6  Ti/cm^  was  unable  to  sputter 
remove  this  layer.  The  excess  C*  content  appears  to  have  built  up  rapidly  at  fluences  > 

5  x  1016  Ti/cm  ,  i.e.,  only  after  the  native  oxide  was  removed  and  the  implanted  Ti 
reached  the  surface  [24] . 

In  summary,  Ti  implantation  modified  the  chemistry,  structure  and  the 
tribological  behavior  of  52100  bearing  steel  surfaces.  These  modifications  have  been 
attributed  not  only  to  implanted  Ti  atoms  but  also  to  excess  C  atoms  introduced  into 
the  surface  during  implantation.  We  have  described  a  process  by  which  C  can  be 
absorbed  from  residual  gases  in  the  vacuum  chamber  by  the  carbide-forming  implant 
species.  The  C  then  diffuses  into  the  subsurface,  preferentially  bonding  with  Ti  atoms. 
When  the  C  content  is  sufficiently  large,  a  portion  of  the  Fe-Ti-C  layer  becomes 


amorphous.  This  surface  of  high  C  content  appears  to  have  extremely  good  tribological 
properties  against  steel  including  reduced  friction  and  high  wear  resistance.  Surfaces 
with  insufficient  carbon,  by  contrast,  have  increased  frictional  coupling  and  lower  wear 
resistance. 
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ABSTRACT 

Microstructures  of  ion-implanted  18Cr8Ni  steel  surfaces 
were  examined  using  a  metallographic  approach  i.e.,  etching  and 
optical  microscopy.  Polished  surfaces  were  implanted  with 
selected  ions  (Ti+,  N+,  Ar+,  Ne+)  to  high  doses  (>  10 1^/crn2 )  < 
then  Ar  ion  milled  stepwise  to  beyond  the  implantation  depth. 
Michelson  interf erograms  showed  that  the  implanted  surfaces  were 
etched  at  the  same  rate  as  non-implanted  surfaces.  Several 
implanted  surfaces,  nonetheless,  developed  unique  etch  features. 
On  most  surfaces,  large  (50-100  um)  austenitic  grains  became 
visible  after  etching  to  a  depth  of  about  60  nm.  Ti-implanted 
surfaces,  however,  showed  no  grain  relief  until  a  depth  of 
240  nm,  well  beyond  the  implanted  ion  range  (Rp  -  60  nm) . 
Individual  grains  on  nonimplanted  as  well  as  Ne+  and  Ar+ 
implanted  surfaces  etched  with  a  rough  texture.  On  the  N- 
implanted  surfaces,  however,  grains  remained  smooth  until  etched 
to  a  depth  well  beyond  the  implanted  region.  The  absence  of 
grain  relief  on  etching  a  Ti-implanted  surface  is  ascribed  to 
isotropic  sputtering  from  an  amorphous  surface.  The  absence  of 
grain  roughness  on  etching  N-implanted  surfaces  may  be  due  to 
locally  isotropic  sputtering  from  a  reacted,  e.g.,  nitrided, 
surface  layer,  or  from  a  more  stable  microstructure,  e.g., 
nitrogen-stabilized  austenite. 


1. 


INTRODUCTION 


Detailed  microstructures  of  ion-implanted  materials  are 
difficult  to  obtain  because  of  the  shallowness  of  the  implant 
layer  (often  0.1  -  0.2  ym) .  Yet  this  information  is  necessary 
to  understand  the  mechanisms  by  which  ion  implantation  improves 
their  resistance  to  wear,  fatigue,  and  corrosion  (1,2).  A  common, 
but  laborious,  method  of  examining  microstructures  is  by 
transmission  electron  microscopy  studies  of  thinned,  implanted 
surfaces.  An  alternative  method,  explored  here,  is  metallograph- 
ic  analysis  of  ion-beam  etched  surfaces  (3).  The  method  is 
particularly  profitable  when  ion  beam  sputtering  is  required  for 
surface  chemical  analysis  e.g.,  SIMS  or  ISS  or  in  conjunction 
with  another  surface  sensitive  spectroscopy,  e.g.,  Auger  or 
XPS  (4) . 

This  paper  presents  results  of  a  metallographic  analysis  of 
ion-implanted,  18Cr8Ni  steels.  Four  implant  species  were  chosen 
based  on  recent  studies  of  the  wear  resistance  of  implanted 
steels.  Two  (N  and  Ti)  produced  dramatic  changes  in  the  wear 
resistance  of  steels  (5-8),  while  two  others  (Ne  and  Ar)  had 
little  or  no  effect  (9,10).  Steel  surfaces  were  etched  by  Ar 
ion  bombardment,  performed  usually  in  conjunction  with  Auger 
analysis  of  the  implanted  steels  (11).  Etched  surfaces  were 
examined  with  several  highly  surface  sensitive  optical  micro¬ 
scopes,  capable  of  discerning  surface  features  no  higher  than 
1  nm  (12) .  Textures  of  etched  surfaces  are  discussed  in  terms 
of  mechanisms  of  ion  sputtering,  and  microstructures  are 
inferred  from  surface  analytical  results  and  the  wear  behavior 
of  the  steels. 

2 .  EXPERIMENTAL 


AISI  302  and  AISI  304  steels  are  commonly  used  austenitic 
stainless  steels,  often  called  by  their  nominal  alloy  composition 
(weight  percent)  18Cr8Ni  steels.  Substrates  of  these  steels 
were  polished  to  a  metallographic  finish  by  standard  grinding 
and  polishing  methods  for  austenitic  steels  (240,  320,  400  and 
600  grit  papers;  9-,  3-,  or  1-diamond  paste;  finally  0.05  y- 
alumina  paste) .  Several  samples  were  electropolished  to  remove 
the  polishing  damage  layer,  while  some  others  were  repolished 
on  coarse  diamond  compounds  to  damage  the  surfaces. 

Ion  implantation  of  N,  Ar,  Ne  and  Ti  was  performed  with  one 
of  several  high  current  implantation  machines  available  at  NRL . 
Ion  implantation  of  N  and  Ti  was  performed  with  substrates  mount¬ 
ed  on  a  water-cooled  surface  which  insured  that  the  temperature 
remained  below  50°C.  Substrate  temperatures  for  Ar  and  Ne 
implantations  were  probably  below  100°C.  Ion  energies  were 
chosen  so  that  the  Gaussian  range  distribution  would  have  a 
peak  concentration  at  a  depth  between  50  and  70  nm  and  not 
exceed  200  nm.  Fluences  were  chosen  to  achieve  peak  concentra¬ 
tions  of  about  10  or  20  at.%,  except  for  N  and  Ti.  N  was 
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implanted  over  a  range  of  fluences  up  to  and  including  near 
sputter-limited  fluences  (lO-^N/cm^ )  ;  Ti  was  implanted  to  near 
sputter-limited  fluences,  as  well.  Implanted  ions  and  implanta¬ 
tion  conditions  are  given  in  Table  1.  Concentration  profiles 
of  N  and  Ti  ions  were  obtained  by  Auger  depth  profile  analysis 
and  found  to  agree  with  theory.  The  presence  of  Ar  or  Ne  could 
not  be  observed  by  Auger  depth  profile  analysis,  but  Ar  was 
detected  by  X-ray  emission  spectroscopy  (EDAX) . 

Substrates  were  subjected  to  low  energy  (1  or  2  keV)  inert 
ion  milling,  either  Ne  or,  in  most  cases,  Ar.  Two  ion  milling 
guns  were  used:  ;a  commercial  ion  milling  device  (Millatron  II, 
Commonwealth  Scientific  Corp.)  and  a  PHI  0.5  to  5  keV  ion  gun, 
inserted  in  a  PHI  Model  545  scanning  Auger  microprobe.  Ion 
milling  was  usually  performed  with  the  substrate  at  a  fixed 
angle  (from  30  to  60°)  to  the  ion  gun.  In  several  cases, 
substrates  were  rotated  during  oblique  angle  ion  bombardment. 

Ion  currents  were  measured  with  an  unbiased  Faraday  cup. 
Metallographic  features  of  ion  milled  surfaces  were  examined 
with  three  optical  microscopes:  a  metallographic  microscope, 
whose  light  source  could  be  apertured  to  produce  oblique 
incidence  illumination;  a  microscope  with  Nomarski  (differential 
interference  contrast)  lenses;  and  a  Michelson  interferometer. 
Depths  of  ion  milled  craters  were  also  determined  from  Michelson 
interferograms .  Surface  profiles  were  measured  on  a  Sloan  Dektak . 

3.  RESULTS 


Substrates  of  302  and  304  steel  were  polished,  masked,  then 
subjected  to  low  energy  inert  ion  bombardment.  After  several 
tens  of  nanometers  had  been  removed,  the  eroded  surface  looked 
somewhat  speckled.  What  appeared  speckled  to  the  naked  eye  was 
readily  identified  by  optical  microscopy  as  grain  relief.  Grains 
(i.e.,  crystallite  projections)  became  visible  after  ion  milling 
40-60  nm  into  the  polish  steel  surface,  and  grain  relief 
continued  to  evolve  as  the  substrate  was  milled  further.  An 
ion-milled  crater  in  304  steel  is  shown  in  the  micrograph  of 
Fig.  1.  The  grains  of  this  austenitic  steel  were  clearly 
defined  by  the  time  150  nm  had  been  removed. 

Grain  relief  resulted  from  ion  milling  a  polycrystalline 
substrate  at  a  fixed  bombardment  angle.  Height  differences, 
from  grain  to  grain,  produced  the  observed  relief.  Inter¬ 
granular  height  variations  are  readily  distinguished  by  dis¬ 
jointed  dark  bands  across  the  crater  in  the  Michelson  inter- 
ferogram  of  Fig.  la  and  by  a  height  profile  trace  of  the  crater 
also  shown  in  Fig.  lb.  The  grain  relief  illustrated  in  Fig.  1 
was  found  on  N-,  Ne-,  and  Ar-implanted  as  well  as  nonimplanted 
substrates;  furthermore,  relief  emerged  at  the  same  rate  in  all 
four  cases. 

Erosion  rates  of  the  steel  substrates  ion  milled  in  the  PHI 
system  have  been  determined.  Michelson  interferograms  were 
taken  on  craters  milled  for  a  known  time  and  at  a  known  current 
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Fig.  1  —  Ion-milled  crater  in  304  steel,  (a)  Optical  interferogram  showing  Michelson 
interference  lines  (taken  with  yellow  filter  X  =  587  nm)  and  (b)  Stylus  trace  across 


density.  Within  measurement  errors  (±10%),  the  rates  for 
implanted  and  nonimplanted  substrates  were  found  to  be  the  same. 
The  results  for  average  erosion  rates  were  determined  from 
average  depth  measurements;  values  were  0.17  ±  0.02  and  0.25  ± 
0.02  nm/uA-min/cm2  for  Ar  ions  of  nominal  energies  1  keV  and  2 
keV,  respectively,  incident  at  45°  to  the  substrates.  These 
average  rates,  however,  must  be  used  with  caution  when  performing 
surface  analysis  with  high  spacial  resolution,  because  grain 
heights  varied  by  20  to  40%  of  the  average  erosion  depth. 

Although  similar  grain  relief  was  seen  on  both  the  N-implant- 
ed  and  nonimplanted  substrates,  roughening  of  the  implanted 
grains  by  ion-etching  was  inhibited.  For  example,  in  the  non¬ 
implanted  half  of  a  302  steel  substrate,  many  grains  developed 
roughly- textured  surfaces  after  being  milled  to  depths  of  120  nm 
(see  Fig.  2).  After  180  nm,  most  surface  grains  appeared 
roughened.  In  contrast,  grains  in  the  N-implanted  half  retained 
smooth  surfaces  (except  for  polishing  "ghosts"  common  to  both 
sides)  until  almost  180  nm  of  surface  had  been  removed.  This 
inhibition  period  against  ion-beam  roughening  was  observed  on 
302  and  304  steel  substrates  implanted  with  N  to  fluences  of 
about  10-*-7  atoms/cm2  or  greater. 

Substrates  implanted  with  Ne  or  Ar  developed  roughly- textured 
grain  surface  at  rates  comparable  to  nonimplanted  surfaces. 
Roughly  textured  surfaces  developed  more  on  some  grains  than 
others;  more  on  mechanically  polished  surfaces  (9-,  3-,  1-diamond 
and  y-alumina,  in  that  order)  than  on  electropolished  surfaces; 
and  more,  at  a  given  depth,  with  higher  energy  ions. 

On  Ti-implanted  304  steel,  no  grain  relief  appeared  until 
more  than  240  nm  of  material  was  removed,  and  no  roughening 
until  more  than  300  nm.  A  Michelson  interferogram  in  Fig.  3 
shows  a  crater  eroded  to  a  depth  of  170  nm;  only  the  upper  half 
of  the  substrate  had  been  implanted  with  Ti  (46  x  1016  ions/cm2 
at  190  keV) .  A  magnified  portion  of  the  crater  on  the  left 
shows  no  evidence  of  grain  structure  or  roughening  attributable 
to  ion  milling.  The  "polishing"  effect  seen  on  the  Ti-implanted 
surface  could  only  be  achieved  on  nonimplanted  304  by  ion  milling 
a  rotating  substrate  at  low  angles  (60-70°  off  normal) . 

4.  DISCUSSION 


Ion  milling  erodes  surfaces  by  the  process  of  sputter 
removal  of  atoms  from  the  outermost  layers  of  bombarded  surfaces. 
Grain  relief  develops  because  sputtering  yields  vary  with 
crystalline  orientation.  Since  sputtering  rates  are  highly 
orientation  dependent,  grain  relief  can  be  avoided  only  by 
milling  the  surface  from  many  directions  (e.g.,  by  rotating  the 
substrate  under  fixed  angle  bombardment) ,  by  milling  a  substrate 
which  has  a  single  crystallographic  orientation,  or  by  milling 
an  amorphous  substrate. 
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NONIMPLANTED  N+  IMPLANTED  DEPTH 


Fig.  2  —  Optical  micrographs  of  a  302  steel  substrate  (taken  with  oblique  lighting)  ion  milled 
to  depths  of  120  nm  and  180  nm.  The  right  half  of  the  substrate  had  been  implanted  with  N 
ions  to  a  fluence  of  1017/cm2 


In  the  case  of  Ti-implanted  304,  there  is  inferential 
evidence  that  the  surface  is  amorphous.  Transmission  electron 
microscopy  has  been  performed  on  Fe  (13)  and  an  Fe  alloy  (AISI 
52100  steel) (14)  implanted  with  Ti  to  high  fluences.  Electron 
diffraction  patterns  were  identical  to  those  of  amorphous  Fe. 

In  both  cases,  the  amorphous  surface  was  attributed  to  the 
anomalous  presence  of  large  amounts  of  C  in  the  implanted  layer. 
Ti-implanted  304  steel  shows  a  Fe-Ti-C  chemistry  similar  to  that 
found  in  Ti-implanted  Fe  and  52100  steel  (previously  unreported 
result) ( 15 ) . 

Grain  roughening  of  the  kind  shown  in  Figs.  2  and  3  is  not 
well  understood.  Heavily  textured  304  steel  surfaces  appear  to 
have  arrays  of  protrusions,  a  feature  observed  on  other  metallic 
surfaces  subjected  to  ion  bombardment  (16,17).  Nonuniform 
erosion  of  originally  smooth  surfaces  has  been  attributed  to 
a)  partial  coverage  by  "impurities"  which  have  lower  sputtering 
yields  than  the  surrounding  materials  (18)  or  b)  nonuniform 
sputtering  of  inhomogeneous ly  strained  material  (16,19).  In 
the  present  case,  the  latter  explanation  appears  more  likely 
since  the  degree  of  roughening  was  observed  to  depend  on  grain 
orientation  whereas  impurities  distribution  should  be  relatively 
insensitive  to  grain  orientation.  Inhomogeneous  strains  may 
have  been  introduced  into  the  steel  surface  during  mechanical 
polishing  (20).  If  sputtering  on  the  damage  surface  produced 
roughening,  then  this  would  explain  the  observed  decrease 
in  roughening  with  the  use  of  finer  (i.e.,  less  damaging) 
polishing  abrasives.  Mattox  and  Sharp  (21)  have  reported  that 
increased  texture  developed  during  ion  erosion  on  cold-worked 
304  steel. 

The  absence  of  grain-surface  roughening  in  N-implanted  302 
or  304  steel  is  clearly  a  chemical  effect,  but  one  probably 
associated  with  microstructure  as  well.  Three  explanations  can 
be  given  to  account  for  more  uniform  erosion.  One  is  that  the 
N  forms  a  reactive  surface  layer  (several  atom  layers  thick)  on 
the  ever-eroding  steel  surface.  Chromium  nitride  has,  in  fact, 
been  identified  by  Auger  spectroscopy  as  a  constituent  of  the 
Ar-eroded  surface  of  N-implanted  304  steel  (11).  This  thin 
surface  layer  may  be  amorphous  or,  more  generally,  may  have  a 
lattice  mismatch  with  the  underlying  steel.  Either  structure 
might  suppress  anisotropic  sputtering  from  the  underlying 
lattice  thereby  allowing  the  grain  surface  to  erode  isotropically. 
A  similar  explanation  was  given  by  Hofer  and  Liebl  (21)  to 
i  -count  for  the  reduction  of  surface  roughening  on  Cu-Ni  layers 
1 1  keV  N  ion  bombardment  compared  to  11  keV  Ar  ion  bombard- 
•  ■  -  it  the  same  fluence.  Tsunoyama,  et  al.  (22)  noted  a 

ir  effect  on  Fe  sputtered  by  0  ions  compared  to  Ar  ions. 

•  i  explanation  for  uniform  erosion  is  that  N 
t*  ;  r  introduces  high  levels  of  uniform  stress  which  mask 
•  iriations.  Hartley  (23)  has  demonstrated  that 
'  r  :  in  implantation  produce  high  stress  levels  in  Fe 
•  rmly  strained  lattice  is  expected  for  ions  which 
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can  form  chemical  bonds  with  the  host  atoms  (e.g.,  N,  C,  or 
0  ions).  Nonuniform  strains,  however  may  result  from  inert  ion 
implantation;  not  being  tightly  bound,  implanted  inert  atoms 
tend  to  agglomerate  as  microscopic  bubbles,  thereby  relieving 
local  bombardment-induced  stresses  in  the  surrounding  lattice 
(16).  The  differences  in  residual  stress  fields  of  surfaces 
implanted  with  reactive  ions  and  inert  ions  may  account  for  the 
differences  in  grain  surface  texture  of  N-implanted  304  steel 
vs.  Ne-  or  Ar-implanted  304  steel. 

A  third  explanation  is  that  N-implantation  stabilizes  the 
304  steel  microstructure  against  transforming  under  stresses 
introduced  during  the  ion  milling  process.  Several  authors 
(16,24)  have  suggested  that  roughly  textured  grains  develop  as 
a  result  of  nonuniform  strain  levels  generated  by  the  bombarding 
ions.  Although  the  models  were  meant  to  describe  the  effects  of 
deeply  penetrating  high  energy  ions  (>  10  keV/ion) ,  Walls  et. 
al.  (25)  have  recently  demonstrated  that  even  low  energy  ions 
(1-5  keV)  can  generate  similar  types  of  strain  fields  (i.e., 
dislocations)  in  metal  surfaces.  Bombardment  stresses  would 
likely  cause  the  unstable  austenite  to  partially  transform  to 
martensite,  as  occurs  in  304  steel  during  grinding  or  rolling 

(26)  .  N,  however,  is  a  very  efficient  austenite  stabilizer 

(27)  .  Results  of  abrasive  wear  studies  on  N-implanted  304  steel 
were  also  accounted  for  by  suggesting  that  N  stabilized  the 
austenitic  phase  against  transforming  to  a  more  brittle 
martensite  (6) . 

5.  SUMMARY 

Low  energy  Ar  ion  bombardment  produced  grain  relief  on 
austenitic  18Cr8Ni  steels.  Erosion  rates  averaged  0.17  ±  0.02 
and  0.25  ±  0.02  nm/yA-min/cm^  for  1  and  2  keV  Ar-ion  bombardment, 
but  with  intergranular  heights  varying  from  20  to  40%  of  average 
erosion  depth.  N-implanted  steels  developed  grain  relief,  but 
did  not  show  the  roughly  textured  grains  found  in  nonimplanted 
and  inert-ion  implanted  steels.  Ti-implanted  steels  eroded 
without  grain  relief  and  without  surface  roughening. 

ACKNOWLEDGEMENTS 

The  author  would  like  to  thank  Ron  Vardiman  for  the  excellent 
micrographs  in  Fig.  2,  Dick  Kant  and  Carmen  Carosella  for 
implantations,  and  Milt  Rebbart  for  the  stylus  trace  measurements. 


TABLE  1 


ION  SPECIES,  FLUENCES,  AND  ENERGIES  FOR 
IMPLANTATION  OF  18Cr8Ni  STEELS 


Ion 

N^ 

Ne+ 

Ar+ 

Ti+ 

Fluence  (lO^/cm^) 

2-100 

10 

10 

46 

Energy  (keV) 

40 

55 

100 

19  0 
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Abstract 


The  alloy  Ti-6A1-4V  has  been  implanted  with  Carbon  and  nitrogen  ions. 
The  microstructure  produced  by  these  implants  is  found  to  contain  fine 
particles  of  TiC  and  TiN  respectively.  Rotating  beam  fatigue  tests  show 
improved  fatigue  life  for  both  implants,  with  the  superior  carbon  implanta¬ 
tion  giving  a  20%  increase  in  endurance  limit  and  a  factor  of  four  to  five 
lifetimp^ increase  at  highter  stresses  over  unimplanted  material.  A  dose  of 
1  x  10  at/cm4  is  required  to  obtain  the  maximum  effect.  Fatigue  cracks 
have  been  observed  to  originate  up  to  150  mid  below  the  surface,  indicating  a 
complex  interaction  between  the  implanted  layer  and  the  fatigue  failure 
process. 

Introduction 


Most  metals  and  alloys  in  structural  applications  have  a  limited  life¬ 
time  because  of  one  or  more  of  the  following  causes:  corrosion,  wear,  and/or 
fatigue.  All  of  these  phenomena  are  surface  or  near-surface  in  origin.  The 
technique  of  ion  implantation  has  been  shown  in  recent  years  to  have  consid¬ 
erable  effect  on  such  phenomena.  Substantial  improvement  in  corrosion  and 
wear  resistance  has  been  demonstrated  in  various  ion  implanted  metals 
and  alloys  (1-3).  A  few  studies  have  shown  the  potential  of  ion  implantation 
for  the  improvement  of  fatigue  life  (2,4-5). 

The  present  work  was  undertaken  to  examine  the  influence  of  ion  implan¬ 
tation  on  the  surface  microstructure  and  fatigue  life  of  a  technologically 
important  alloy.  «-/3  processed  Ti-6A1-4V  was  chosen  because  of  its  widespread 
application  and  the  value  of  improving  its  fatigue  properties. 

We  have  used  carbon  and  nitrogen  as  the  implanted  species,  since  these 
have  proved  most  effective  in  other  mechanical  property  studies  (1-5).  The 
rotating  beam  test  was  used  to  determine  fatigue  lifetime.  Samples  were 
characterized  by  a  variety  of  methods,  including  TEM,  SEM,  and  Nuclear 
Reaction  Analysis.  The  results  show  a  substantial  improvement  in  fatigue 
life,  particularly  for  the  carbon  implant. 

Experimental  Techniques 

The  alloy  composition  is  given  in  Table  1.  The  microstructure  of  the 
as-received  material,  as  shown  in  Fig.  1,  is  typical  of  <»  -  $  processed  (mill 
annealed)  Ti-6Ai-4V.  The  8  grain  size  is  of  the  order  of  a  few  microns,  .and 
the  a  grains  typically  contain  more  substructure  than  is  visible  in  Fig.  1(b) 
The  0  grains  are  normally  surrounded  by  the  interface  phase  (7). 
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(a)  Optical  micrograph,  etched 


1  in  methano 


Fig.  1  -Ti-6A1-4V. 


(b)  TEM  micrograph 
mill  annealed,  as  received  microstructure 
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Nitrogen  was  implanted  as  N„+at  150  KeV,  or  75  KeV  per  atom.  Carbon 
likewise  was  implanted  at  75  KeV.  Temperature  of  the  fatigue  samples  during 
implantation  was  ^timat^d  not  to  exceed  100°C.  The  total  dose  for  both 
species  was  2x10  at. /cm  ,  except  where  otherwise  noted.  The  concentra¬ 
tion  profiles  of  the  implanted  nitrogen  and  carh^  were  me^auredvby  nucl^r 
reaction  analysis.  The  reactions  used  were  4N  (d,a  )  ,  and  l 

(  He,  ao)  "C  (9).  Mechanically  polished  discs  75  to  150  Vm  thick  were  used 
to  prepare  transmission  electron  microscope  samples.  Thinning  was  done  with 
a  single  vertical  jet  of  electrolyte  impinging  on  a  peripherally  masked 
specimen.  The  electrolyte  used  was  5%H„S0,  in  methanol,  cooled  to  -50°C 
(10).  To  examine  the  implanted  microstructures,  the  samples  were  thinned 
part  way  from  only  one  side,  then  implanted  on  this  polished  side,  and 
finally  thinned  to  perforation  from  the  other  side.  During  implantation, 
the  specimens  were  firmly  mounted  in  a  copper  holder  to  avoid  excessive 
temperature  rises. 

Rotating  beam  samples  were  used  for  fatigue  testing,  with  a  gage  length 
of  1  in.  and  a  minimum  diameter  of  0.25  in.  Testing  was  done  at  approximately 
30  Hz.  Preliminary  fatigue  tests  on  electro-polished  samples  gave  anomalously 
short  lifetimes,  so  mechanically  polished  surfaces  were  used  in  all  tests 
reported  here.  A  400  grit  finish,  with  all  radial  scratches  carefully 
eliminated,  was  chosen  as  satisfactory.  No  increase  in  fatigue  life  can  be 
expected  for  a  more  finely  polished  surface  finish  (11).  While  a  somewhat 
greater  spread  and  lower  peak  in  implant  concentration  occur  for  this  surface 
finish  (see  Fig.  2),  this  should  not  affect  our  final  results. 

The  fracture  surfaces  of  the  fatigue  samples  were  examined  by  scanning 
electron  microscopy,  with  particular  attention  to  the  origination  point  of 
the  fatigue  crack.  By  following  surface  striations  it  was  usually  not 
difficult  to  distinguish  between  surface  and  subsurface  crack  origination. 
Subsurface  origin  points  could  be  determined  to  within  roughly  25  Mm  or  less. 

Results 


Nuclear  Reaction  Analysis  -  The  nitrogen  concentration  profiles  for  two 
different  surface  finishes  are  shown  in  Fig.  2(a).  The  depth  scale  here 
should  be  regarded  as  approximate.  LSS  theory  give  a  peak  concentration 
depth  of  141nm,  in  reasonable  agreement  with  these  profiles.  The  carbon  peak 
position  shown  in  Fig.  2(b)  compares  well  with  the  predicted  depth  of  165nm. 

Microstructures  -  The  high  dose  levels  used  in  this  study  produce  a 
heavily  damaged  layer.  Fig.  3  shows  the  dense,  difficult  to  resolve  tangle  of 
dislocation  found  in  TEM  examination. 

After  nitrogen  implantation,  some  electron  diffraction  patterns  show 
diffuse  rings  as  well  as  the  titanium  spots  (Fig.  4,  insert).  Using  a  section 
of  the  two  closely  spaced  inner  rings  for  selected  area  diffraction  dark 
field  imaging,  one  finds  a  dispersion  of  small  particles  (Fig.  4).  These  are 
mostly  10  to  20  nm  in  size,  and  fairly  evenly  distributed.  The  diffraction 
rings  indicate  a  non-coherent  precipitate  with  a  FCC  structure.  A  rough 
measurement  of  the  lattice  parameter  gives  a  value  of  4.26+  .02A,  very  close 
to  the  value  of  4.246A  given  in  the  literature  for  TiN  (12).  The  phase 
Ti  N  may  occur  in  the  composition  range  of  the  implanted  region,  but  no 
indication  of  it  has  been  found  in  these  samples. 
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ATOMIC  PERCENT  CARBON 


(a)  Nitrogen 


(b)  Carbon 

Fig.  2  —  Nuclear  reaction  analysis  concentration  profiles  of  implants  in  Ti-6Al-4  V 
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Fig.  3  —  Ti-6A1-4V  implanted  with  2  X  1017at/cm2  of  nitrogen, 
TEM  micrograph,  bright  field 
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•■'ig  1  Ti-6A1-4V  implanted  with  2  X  lO^at'cm-  of  nitrogen. 

TKM  micrograph,  dark  field.  Insert,  diffraction  pattern  showing 
diffuse  rings  used  for  dark  field  imaging. 
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Some  s^iinpb-s  were  given  a  heat  treatment  -i r  4  hrs.  at  300°’.?  in  a  v annum 

if  I  x  111'  turr.  No  change  11  the  damage  due  to  imp  t  ant  at  ion  was  apparent 

m  the  electron  microscope.  the  diffraction  r  inns  of  the  T 1 N  become  somewhat 
sharper  and  stronger,  and  a  small  size  increase  in  the  precipitates  occurred, 
to  a  maximum  particle  size  of  about  30  mn.  The  very  modest  changes  in  the 
second  phase  structure  are  consistent  with  the  very  low  mobility  of  nitrogen 
m  <*-t  1 1  anium  (13). 

Carbon  implantation  develops  a  microstructure  similar  to  that  found  for 
nitrogen.  The  appearance  of  the  damage  structure  is  essentially  identical. 
Meet. run  diffraction  shows  a  FCC  rinq  pattern,  with  a  lattice  parameter  of 
close  to  that  of  TiC.  foils  implanted  at  different  times  show  somewhat 
differing  ranges  of  precipitate  sizes,  possibly  due  to  variations  11  the 
degree  of  heat  sinking  obtained.  I r  1  some  cases  the  second  phase  particles 
were  easily  distinguished  n  bright  field,  and  a  typical  foil  is  shown  in 

Fig.  3(ai.  Dark  field  imaging  could  he  done  in  the  same  manner  as  for  the 

n 1 1  r ides . 

Heat  treatment  of  carbon  implanted  samples  in  ultra  high  vacuum  for  1 
hr.  at  400  “t?  produced  a  decided  increase  m  particle  size,  as  shown  m  fig. 
3(b).  Aqam,  this  is  consistent  with  the  much  greater  mobility  of  carb  >n  than 
nitrogen  m  a-t  it  am  jm  (14). 

f^M  samples  implanted  with  carbon  doses  of  7  x  10^at./cm^  and  3  x  10 
at  .  /cim  were  also  examined.  T  if?  particles  were  found  in  both  cases.  Maximum 
precipitate  size  was  greater  by  perhaps  in  the  higher  dose,  and  the 

density  of  particles  appeared  to  be  much  greater.  A  quantitative  estimate  is 
difficult  because  of  the  paTtiele  size  distribution  and  presence  of  damage. 
The  deference  is  probably  best  shown  in  the  electron  diffraction  patterns  of 
fig.  6,  where  for  comparable  conditions,  the  carbide  diffraction  rings  are 
much  stronger  for  the  higher  carbon  dose. 

Fatigue  -  Results  of  the  fatigue  life  measurements  are  shown  in  fig.  7. 
The  ummp lant ed  endurance  limit  of  73  ksi  is  increased  approximately  10%  by 
nitrogen  implantation  and  20%  by  carbon  implantation.  At  stresses  above  100 
ksi  the  un  imp  l  ant ed  lifetimes  decrease  sharply.  The  effect  of  nitrogen 
implantation  nearly  disappears  at  these  stress  levels  while  carbon  implanta¬ 
tion  maintains  a  factor  of  4  to  3  increase  m  lifetime  even  at  the  highest 
stresses  measured. 

fatigue  samples  were  given  the  same  heat  treatments  as  mentioned  before 
fur  the  TFM  samples,  4  hr.  at  300°C  for  the  nitrogen  implant,  1  hr.  at  400°C 
for  the  carbon  implant.  No  significant  differences  in  fatigue  lifetimes  were 
found  iri  either  case.  These  data  points  are  omitted  in  fig.  7  for  clarity: 
the  carbon  sample  was  tested  af  91  ksi,  the  nitrogen  sample  at  89  ksi.  Only 
sinal  l  differences  111  fatigue  life  were  found  over  non-heat  treated  implanted 
samp l es , 

The  effect  of  Cjijpbon  dose  on  fatigue  life  is  shown  in  fig.  8.  A  dose  of 
approx imat ely  I  x  10  at . 7cm  is  required  to  obtain  full  fatigue  life  improve¬ 
ment  at  98  ksi^hut  higher  doses  give  no  further  improvement.  The  small  peak 
around  1  x  10  is  not  fully  verified,  but  is  supported  by  a  measurement  at 
one  other  stress. 
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STRESS  AMPLITUDE  <k*i) 


Fracture  surfaces  -  It  has  been  reported  (15,16)  that  subsurface  fatigue 
crack  origins  can  occur  in  titanium  alloys  even  in  the  absence  of  inclusions 
or  other  common  stress  concentrators.  The  subsurface  origin  does  not  appear 
to  affect  the  fatigue  lifetime,  and  occurs  mainly  in  the  longer  lifetime 
tests  (15).  We  have  found  subsurface  crack  origins  in  nearly  all  samples 
with  a  lifetime  greater  than  10  i^ycles,  whether  implanted  or  not,  while 
those  with  a  lifetime  less  than  10  cycles  typically  show  a  surface  origi¬ 
nation  (Fig.  9).  The  subsurface  origin  points  ranged  in  depth  from  25  to  150 
Mm.  In  a  few  samples  the  origin  was  difficult  to  identify  accurately,  and 
some  of  these  may  be  subsurface  origins  of  less  than  25  Mm  depth. 

Discussion  -  It  is  perhaps  surprising  that  an  altered  layer  only  a  few 
tenths  of  a  micron  thick  can  have  such  a  large  influence  on  fatigue  life.  It 
was  our  original  expectation  that  implantation  would  benefit  fatigue  life  by 
creating  a  compressive  stress,  and  by  inhibiting  the  development  of  slip 
steps  on  the  surface  which  could  open  into  cracks.  However,  the  extensive 
occurrence  of  fatigue  crack  origins  at  depths  far  below  the  implanted  layer 
indicates  a  more  complex  interaction  between  the  implanted  layer  and  the 
fatigue  process  in  the  bulk. 

It  is  obvious  that  the  effect  of  implantation  goes  beyond  the  introduc¬ 
tion  of  a  compressively  stressed  surface  layer.  This  is  most  easily  illus¬ 
trated  by  the  difference  in  effect  of  carbon  and  nitrogen.  Since  an  estimate 
of  the  percentage  of  implanted  species  tied  up  in  precipitates  indicates  that 
a  large  proportion  of  both  implants  remains  in  solid  solution,  this  should 
produce  a  hardening  which  would  amount  to  embrittlement  in  a  thicker  layer. 
Segregation  to  dislocations  can  also  be  expected  and  carbon  may  be  more 
effective  in  this  respect  since  it  has  a  much  lower  solubility  and  greater 
mobility  than  nitrogen.  The  effect  of  the  precipitates  is  more  problematical, 
as  greater  size  and  number  of  carbides  produced  both  by  heat  treatment  and  by 
higher  dose  had  negligible  effect  on  fatigue  life.  Hu,  et  al  (5)  have 
interpreted  fatigue  life  improvement  in  nitrogen  implanted  steel  as  due  not 
to  the  nitride  precipitates  formed,  but  rather  to  the  segregation  of  nitrogen 
to  dislocations.  This  question  is  by  no  means  settled,  however,  and  further 
research  is  required  to  elucidate  the  basic  mechanisms  of  fatigue  life 
improvement  due  to  ion  implantation. 

In  conclusion,  we  have  demonstrated  increased  fatigue  life  in  the  <»  -s 
processed  Ti-6A1-4V  alloy  by  ion  implantation  with  both  nitrogen  and  carbon. 
The  larger  effect  is  produced  by  carbon,  with  an  increase  of  20?o  in  endurance 
limit,  and^ifetinup  increase  by  a  factor  of  4  to  5  at  higher  stresses.  A  dose 
of  1  x  10  at/cin  of  carbon  is  required  for  maximum  effect  with  higher 
doses  producing  no  further,,  increase.  Subsurface  fatigue  crack  origins  for 
lifetimes  greater  than  10  cycles  point  to  a  complex  interaction  between 
the  implanted  layer  and  the  bulk.  The  presence  of  nitrides  and  carbides  in 
the  implanted  layer  has  a  questionable  effect  on  the  observed  lifetime 
increases. 


R-052 


(b)  Lower  stress,  longer  life  showing  subsurface  crack  origin 
Fig.  9  —  Scanning  electron  micrograph  of  the  fractured  surfaces  of  Ti-6A1-4V  fatigue  samples 
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ABSTRACT 

A  program  is  currently  underway  to  use  ion  implantation  to  improve  the 
tribological  and  corrosion  characteristics  of  load  bearing  surfaces  in  both  rolling 
element  bearings  and  gears  used  in  aircraft  propulsion  systems. 

This  paper  describes  that  aspect  of  the  program  concerned  with  the  use  of  ion 
implantation  for  surface  alloying  of  bearing  components  in  order  to  alleviate  the 
problem  of  corrosion  in  costly  M50  steel  mainshaft  aircraft  engine  bearings.  Results  to 
date  indicate  that  implantation  of  selected  ion  species  can  significantly  improve 
resistance  to  both  generalized  and  localized  (pitting)  corrosion  without  adversely 
affecting  bearing  performance  or  fatigue  endurance  life. 


INTRODUCTION 

Ion  implantation  as  a  means  of  alloying  the  load  bearing  surfaces  of  gears  and 
rolling  element  bearings  used  in  Navy  and  aircraft  propulsion  systems,  has  the  potential 
for  solving  costly  problems  relating  to  corrosion  and  premature  surface  failures. 

Ion  implantation  is  a  process  by  which  virtually  any  element  can  be  injected  into 
the  near-surface  region  of  any  solid  by  means  of  a  beam  of  high-velocity  ions  (usually 
tens  to  hundreds  of  keV  in  energy)  striking  a  target  mounted  in  a  vacuum  chamber.  The 
bombarding  ions  lose  energy  in  collisions  with  substrate  atoms  and  come  to  a  stop  at 
depths  of  tens  to  thousands  of  angstroms  in  the  host  materia).  The  major  advantages  of 
ion  implantation  over  coatings  and  other  methods  of  surface  treatments  are: 

a.  No  change  in  dimensions  or  surface  character  which  allows  the  implantation 
of  existing  bearings  without  further  processing, 

b.  None  of  the  interface  bonding  problems  associated  with  coatings, 

c.  Material  bulk  properties  remain  the  same, 

d.  Choice  of  alloying  element  is  not  limited  by  solid  solubility  or  diffusion 
parameters. 

Accordingly,  ion  implantation  offers  an  attractive  method  of  achieving  corrosion 
resistance  and  improved  tribological  characteristics.  Consequently  the  Naval  Air 
Propulsion  Center  (NAPC)  has  established  and  is  managing  a  program  to  investigate  the 
use  of  ion  implantation  for: 


a.  Producing  corrosion  resistant  alloys  on  M50  steel  bearing  surfaces, 


b.  Improving  the  tribological  characteristics  (wear,  scoring,  etc.)  of  bearing  and 
gear  surfaces. 

The  major  effort  to  date  and  the  work  described  herein  is  related  to  the  first 
item  listed.  This  is  motivated  by  the  fact  that  a  major  cause  of  bearing  rejection  at 
Naval  Air  Rework  Facilities  (NARF's)  is  corrosion  pitting  [1] .  The  estimated  yearly 
cost  for  replacement  of  the  expensive  mainshaft  bearings  made  of  M50  steel  is  several 
million  dollars  for  both  the  Navy  and  Air  Force. 

The  program  was  designed  to: 

a.  Determine  optimum  implantation  parameters  (ion  energy,  species  and 
fluence)  most  effective  for  inhibiting  corrosion  in  hardened  M50  bearing  steel  using 
several  types  of  corrosion  tests  as  a  measure  of  success, 

b.  Develop  the  methods  of  implanting  all  load  bearing  surfaces  of  both  ball  and 
roller  bearings  for  subsequent  testing, 

c.  Conduct  full  scale  bench  tests  to  insure  that  no  deterioration  in  bearing 
performance  or  endurance  life  occurs  as  a  result  of  implantation, 

d.  Determine  the  effectiveness  of  implantation  in  inhibiting  corrosion  of  full 
scale  bearings  in  service,  in  the  long  term  storage,  and  in  a  test  cell  engine  evaluation. 

The  Naval  Research  Laboratory  is  responsible  for  items  (a)  and  (b).  The  NAPC 
and  the  Naval  Air  Rework  Facility  in  North  Island  share  responsibilities  for  items  (c) 
and  (d). 


THE  IMPLANTATION  PROCESS 

Ion  implantation  is  not  a  coating  technique.  Implantation  consists  of  forcibly 
injecting  selected  elemental  ion  species  beneath  the  surface  of  materials  by  means  of  a 
high-energy  ion  beam  from  an  accelerator  (usually  at  tens  to  hundreds  of  kilovolts). 
This  injection  process  produces  an  intimate  alloy  of  the  implanted  and  host  elements 
without  producing  a  sharp  interface  characteristic  of  most  coatings  and  hence  avoids 
the  related  adhesion  problems.  The  resultant  depth  distribution  and  alloy  composition 
depend  on  the  energy  and  atomic  number  of  the  projectile  as  well  as  on  the  atomic 
number  of  the  host.  Typically,  depths  of  0.01  to  1.0  micrometers  are  achievable  with 
concentrations  of  up  to  50  atomic  percent.  It  should  be  stressed  that  ion  implantation 
is  not  a  thermodynamical  equilibrium  process  and  that  metastable  alloys  can  be  formed 
without  regard  for  the  conventional  considerations  of  solid  solubility  and  diffusivity; 
since  any  elemental  species  can  be  implanted  into  any  other  material.  Heating  of  the 
implanted  alloy  to  sufficiently  high  temperatures  will,  of  course,  ensure  equilibrium 
conditions,  but  several  durable  metastable  (or  amorphous)  phases  with  potentially 
interesting  physical  properties  have  been  formed  by  implantation.  Figure  1  summarizes 
many  of  these  factors  pertaining  to  ion  implantation  for  materials  modification.  The 
ability  to  control  and  reproduce  the  ion  beam  parameters  listed  in  Figure  1  is  especially 
important  to  its  large  scale  commercial  usage  for  implanting  (doping)  semiconductor 
wafers  with  high  reproducibility  (typically  less  than  3%  dose  difference  on  different 
■  /afers  or  between  different  points  on  a  single  wafer). 
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ION  IMPLANTATION  PARAMETERS 

IMPLANTED  ELEMENTS  -  VIRTUALLY  ANY  ELEMENT  FROM  HYDROGEN 

TO  URANIUM  CAN  BE  IMPLANTED. 

ION  ENERGIES  -  NORMALLY  2  TO  200  KeV.  ENERGIES  UP  TO  5  MeV 

MAY  BE  OBTAINED  WITH  THE  VAN  DE  GRAAFF 
ACCELERATOR. 

ION  RANGES  -  VARY  WITH  ION  ENERGY,  ION  SPECIES  AND 

HOST  MATERIAL  RANGES  NORMALLY  0.01  fim 
TO  1.0  pm. 

RANGE  DISTRIBUTION  -  APPROXIMATELY  GAUSSIAN.  CHOICE  OF  ENERGIES 

ALLOW  TAILORED  DEPTH  DISTRIBUTION  PROFILES. 

CONCENTRATION  -  FROM  TRACE  AMOUNTS  UP  TO  50%  OR  MORE. 

HOST  MATERIAL  -  ANY  SOLID  MATERIAL  CAN  BE  IMPLANTED. 

SPECIAL  EFFECTS  -  SPUTTERING,  RADIATION  DAMAGE,  RADIATION 

ENHANCED  DIFFUSION. 

Fig.  1  —  The  effect  produced  by  ion  implantation  depends  on  a  number  of 

factors  or  parameters.  These  parameters,  together  with  typical  ranges  of 

values,  are  shown  here. 
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Figure  2  shows  a  schematic  diagram  of  a  typical  research-type  ion  implantation 
system.  As  depicted,  atoms  are  ionized  in  an  ion  source,  accelerated  to  the  desired 
energy,  analyzed  according  to  mass  by  a  magnet  to  select  the  desired  species,  and  then 
electrostatically  raster  scanned  over  the  target  to  ensure  dose  uniformity  of  the 
implantation.  The  implanted  dose  (in  terms  of  impurity  atoms  per  unit  volume)  is 
obtained  from  the  ion  beam  charge,  the  implanted  target  area,  and  the  implanted 
species  depth  distribution. 

Table  I.  Elemental  Composition  of  M50  Pool  Steel  (%  by  Wt.) 


Carbon 

Manganese 

Silicon 

Phosphorous 

Sulfur 

Chromium 

Vanadium 

Iron 

Molybdenum 


0.85 

0.25 

0.20 

0.015  (max.  allowable) 
0.010  (max.  allowable) 
4.00 
1.20 

Remainder 

4.30 


ION  SPECIES  SELECTED  FOR  EVALUATION 

M50  (AMS  6491)  is  an  alloy  tool  steel  used  extensively  in  mainshaft  aircraft 
engines  because  of  its  excellent  hot  hardness  characteristics,  wear  resistance  and  good 
contact  fatigue  life.  However,  its  corrosion  resistance  is  poor.  Its  elemental 
composition  is  shown  in  Table  I.  Ion  species  and  combinations  of  species  which  were 
considered  as  good  candidates  for  imparting  corrosion  resistance  to  M50  steel  include 
Cr,  Cr+Mo,  Cr+Mo+N,  Cr+P,  Cr+B,  Al,  Ti,  and  Mo.  The  ion  energies  used  ranged 
between  12.5  and  150  KeV  with  fluences  betwen  1.0  x  10lb/cm^  and  4  x  10,7/em  .  The 
fluences  used  for  Cr,  Ti,  and  Al  were  sufficient  to  produce  a  15  to  30  atomic  percent 
concentration  of  the  implanted  elements  in  a  region  from  the  surface  to  a  depth  of 
about  800  nm.  The  choice  of  ions  was  determined  by  the  well  known  corrosion  behavior 
of  the  ions  in  bulk  materials,  i.e.,  chromium  produces  stainless  steel  when  added  to  iron 
based  alloys  in  concentrations  greater  than  12%,  [2]  Mo  is  known  to  improve  pitting 
resistance  in  steels,  [3]  Ti  and  Al  form  stable  corrosion  resistant  oxides,  [2]  P  and  B 
stabilize  an  amorphous  phase  when  alloyed  with  iron,  [4]  and  N  has  been  shown  to 
improve  pitting  resistance  of  steel  [5] . 


CORROSION  EXPERIMENTS 

Several  types  of  corrosion  tests  were  used  to  ascertain  the  degree  of 
improvement  in  corrosion  resistance  occuring  as  a  result  of  ion  implantation.  To 
conduct  these  corrosion  tests  in  actual  bearings  would  have  been  expensive  and  time 
consuming.  Therefore,  tests  were  conducted  on  small  M50  steel  hardened  specimens  on 
an  area  of  about  lem  . 

Two  types  of  tests  were  performed.  The  first  were  qualitative  field  service 
simulation  tests.  Those  ions  which  looked  promising  in  simulation  tests  were  further 
studied  by  electrochemical  polarization  and  pitting  tests.  These  are  described  below. 
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Simulation  Tests 


The  tests  used  herein  for  simulating  the  corrosion  mechanism  which  occurs  in  gas 
turbine  engines  was  based  in  the  findings  of  the  test  method  developed  by  Brown  and 
Feinberg  [61.  They  found  that  in  a  gas  turbine  engine  bearing  compartment;  (a) 
corrosion  usually  occurred  statically  (i.e.,  bearing  not  running)  at  the  conjunction  of  the 
bearing  rolling  element  and  the  race,  (b)  the  lubricant  in  the  form  of  a  miniseus  was 
present  at  the  corrosion  site  and  (c)  the  lubricant  showed  typical  contamination  levels 
of  3  ppm  (wt)  of  chloride  and  600  ppm  of  water. 

Figure  3  shows  the  arrangement  of  the  simulated  geometry  corrosion  test.  The 
cylindrical  surface  resting  on  the  flat  side  of  the  upright  cylinder  is  intended  to 
simulate  the  roller  on  race  contact  geometry  of  an  actual  bearing.  The  cylinders  are 
.0095M  (3/8")  diameter  M50  rods.  The  flats  (about  .006  M  tall)  are  cut  from  the  rod  and 
consecutively  polished  down  to  a  mirror  finish  with  a  final  (3  y  m)  diamond  paste.  The 
cyliners  were  positioned  in  place  and  totally  immersed  for  2  hours  in  a  contaminated 
neopentyl  polyolester  gas  turbine  engine  lubricant  conforming  to  specification  MIL-L- 
23699.  The  oil  was  contaminated  by  adding  three  ppm  (wt)  of  chlorides  as  ASTM  DD665 
synthetic  seawater  to  oil  and  then  adjusting  the  water  content  to  a  level  of  600  ppm 
(wt.)  by  the  addition  of  distilled  water.  The  two  parts  were  then  removed  from  the  oil 
and  allowed  to  drip  dry.  A  miniseus  of  contaminated  oil  was  retained  between  the  two 
parts  as  shown  in  Figure  3.  This  system  was  then  exposed  to  alternate  cycles  of  moist 
air  at  60°C  (8  hours)  and  4°C  (16  hours)  for  a  period  of  several  weeks. 

The  test  shown  in  Figure  3  was  done  for  several  implanted  ions  and  several  time 
periods.  Figure  4  shows  optical  photographs  (lOx  magnification)  of  the  corrosion 
inhibiting  effectiveness  of  an  implantation  of  Cr+Mo+N  after  a  7  week  test  (two 
samples  at  bottom)  as  compared  to  an  unimplanted  control  specimens  (two  samples  at 
top).  The  control  specimens  show  severe  corrosion.  The  attack  generally  occurs  in  two 
areas;  e.g.,  a  line  of  pits  beneath  the  line  of  contact  between  the  cylindrical  and  flat 
surfaces,  and  general  corrosion  in  the  thin  layer  of  oil  outside  this  region.  A  qualitative 
ordering  of  the  improvement  in  corrosion  resistance  found  in  this  simulated  field  test 
produced  by  implanting  ions  or  combinations  of  ions  from  best  to  worst  is:  Cr+P, 
Cr+Mo+N,  Cr,  Ti,  Cr+Mo,  Al,  M50. 

Electrochemical  Tests 

Two  independent  electrochemical  characterizations  were  done  to  study  two 
types  of  corrosion  behavior.  Passivity  tests  in  strong  acids  provide  insight  into  general 
corrosion  (rusting)  behavior  and  pitting  tests  in  chloride  ion  solutions  give  a  measure  of 
the  resistance  to  localized  corrosion  (pitting). 

The  acid  tests  were  done  in  1  Normal  H9SO4  at  room  temperature.  Figure  5 
shows  potentiodynamic  polarization  scans  (1  mV/^)  for  unimplanted  M50  and  for  Cr,  Mo, 
Ti,  and  Cr+Mo  implants  [7].  Notice  that  all  implant  samples  show  a  reduction  in  the 
maximum  current  density  when  compared  to  the  base  line  M50  curve.  Lowering  of  the 
maximum  current  density  indicates  that  the  surface  is  more  easily  passivated  and  that 
improved  corrosion  resistance  may  be  expected.  These  tests  establish  a  qualitative 
ordering  of  the  improvements  to  be  expected  in  general  corrosion  behavior  which  is, 
from  best  to  worst,  Cr+Mo,  Cr,  Mo,  Ti,  unimplanted  M50. 

The  chloride  ion  tests  were  in  a  pH6,  0.01,  or  0.1  Molar  NaCl,  buffered  solution. 
The  buffer  ensured  that  the  pH  was  constant  throughout  the  measurements.  Figure  6 
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1.  Test  pieces  (both  M50  alloy  steel)  were  placed  in  contact 
as  indicated  by  the  dotted  line. 
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FLAT  SURFACE 


2.  Both  pieces  in  place  were  immersed  in  chloride-contaminated 
oil  for  2  hrs.,  removed,  and  allowed  to  dry. 

3.  A  meniscus  of  contaminated  oil  was  retained  between  the 
two  parts: 


UPPER  CYLINDER  (end  view) 
CI-CONTAMINATED  OIL 

FLAT  SURFACE 

Fig.  3  —  Laboratory-simulated  field  service  test  of  corrosion  of  bearings 


Fig.  4  —  Optical  photographs  of  the  flat  surfaces  of  M50  test  samples  after  a 
simulated  field  service  test.  The  two  unimplanted  samples  at  the  top  show 
pitting  under  the  line  of  contact.  The  two  Cr+Mo+N  implanted  samples  at 
the  bottom  show  complete  immunity.  (Magnification  1  OX) 
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CURRENT  DENSITY  (^A/cm2) 

Fig.  5  —  Potentio-kinetic  anodic  polarization  data  produced  in  hydrogen-saturated 
IN  H2S04  for  M50  steel,  and  for  M50  steel  implanted  with  titanium  chromium, 
molybdenum  and  chromium  +  molybdenum 


Fig.  6  —  Potentio-kinetic  anodic 
polarization  data  produced  in  buffer 
solution  of  pH6  containing  0.1  M 
NaCl  for  M50  steel,  and  for  M50 
steel  implanted  with  titanium, 
chromium  molybdenum  and 
chromium  +  molybdenum 
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presents  potentiodynamic  polarization  scans  (1  mV/S)  for  the  0.1M  NaCl  solution  for 
several  implants.  The  sailent  characteristic  of  each  curve  is  the  breakdown  potential, 
Eb,  which  characterizes  the  metals  ability  to  withstand  pitting  attack  (i.e.,  higher  Eb 
indicates  better  protection).  The  breakdown  potential  is  that  voltage  on  the  curve 
where  there  is  a  sudden  increase  in  current  density.  The  qualitative  order  of 
effectiveness  is  from  best  to  worst,  Cr+Mo,  Cr+P,  Cr,  Mo,  Ti.  The  pitting  data  in  a 
0.01M  NaCl  solution  for  several  implant  species  was  performed  with  two  different 
pretreatments.  In  one  case,  the  sample  was  polarized  positively  immediately  upon 
immersion  into  the  solution  so  that  the  air  formed  film  was  being  tested  for  pitting.  In 
the  other  case,  the  air  formed  film  was  removed  by  polarizing  in  the  negative  direction 
(H2  charging)  for  15  min.,  then  scanned  positively  allowing  a  new  passive  film  to  form. 
The  latter  was  the  pretreatment  for  the  0.1M  data  as  well.  The  former  is  more  realistic 
since  an  air  formed  film  would  be  expected  to  exist  on  actual  bearings.  These  test 
results,  for  a  number  of  tests  similar  to  those  shown  in  Figure  6,  are  summarized  in 
columns  4  and  5  in  table  n  and  are  discussed  below. 

Qualitative  rankings  for  the  data  from  the  five  different  tests,  (1)  simulation 
tests,  (2)  1-normal  H2S04  test  (3,4)  the  0.1M  and  0.01M  NaCl  pitting  test  with  cathodic 
charging,  and  (5)  the  O.OIM  pitting  test  on  air  formed  films,  are  compared  in  Table  II. 
Cr  and  Cr+Mo  are  found  effective  in  all  tests.  Chromium  implants  show  good 
performance  in  all  tests  while  Cr+Mo  perform  best  in  two  tests.  Cr+P  performed  best 
in  the  simulation  tests  and  the  O.OIM  NaCl  test.  Therefore,  Cr,  Cr+Mo  and  Cr+P  were 
selected  for  further  examination  in  full  scale  rolling  element  bearings. 

Table  n.  M50  Corrosion  Test  Results  (Qualitative  Ranking) 


Sim. 

IN  H2S04 

0.1M  NaCl 
(cath.) 

0.01M  NaCl 
(no  cath.) 

0.01M  NaCl 
(cath.) 

Cr+P 

Cr+Mo 

Cr+Mo 

Cr+P 

Cr 

Cr 

Cr  . 

Cr 

Cr 

Cr+P 

Cr+Mo+N 

Mo 

Mo 

Cr+Mo 

M50 

Ti 

Ti 

Ti 

M50 

Cr+Mo+N 

Cr+Mo 

M50 

M50 

M50 

Cr+Mo+N 

Cr+Mo 

Ion(s) 


Implantation  Parameters 


Fluence 

(xl017/cmz) 

1.5-2 .0 
0. 5-1.0 

1.5-2 .0 

1.5-2 .0 
0.35-0.5 
0.1 


Energy 

(keV) 


55-150 


Table  in.  Bearings  Selected  for  Implantation 


IMPLANTATION  OF  BEARINGS 


Bearings  selected  for  implantation  are  listed  in  Table  III  along  with  pertinent 
information  on  bearing  size  where  applicable,  and  function  in  the  overall  program. 
Table  III  also  identifies  the  bearings  that  have  been  implanted  to  date. 

There  are  a  number  of  practical  problems  to  be  considered  for  the  successful 
implantation  of  the  bearings.  Obviously,  all  contacting  surfaces  must  be  implanted  to 
protect  against  the  formation  of  corrosion  pits  which  can  act  as  initiation  sites  for 
fatigue  spalling.  This  entails  implanting  the  active  surfaces  of  the  bearings  (i.e.,  the 
inner  race  outer  race  and  the  total  area  of  the  rollers  and  the  balls).  In  order  to 
implant  the  bearings  in  a  reasonable  period  of  time,  very  high  ion  beam  currents  were 
developed  and  used.  For  Cr  a  typical  beam  current  is  500  yA  at  150  keV.  This 
represents  75  watts  of  incident  power  which  must  be  dissipated  or  the  bearing  will 
overheat,  causing  loss  of  hardness.  Fortunately,  M50  holds  its  hardness  well  in  that  it 
has  been  established  that  no  loss  of  hardness  occurs  at  temperatures  of  800°F  for  1000 
hours  [8] .  This  enables  the  heat  dissipation  to  be  handled  in  some  cases  by  radiation 
losses  alone. 

During  implantation,  all  the  races  were  clamped  tightly  to  a  solid  aluminum  or 
brass  plate  and  rotated  at  1.5  rpm.  Typically  60  revolutions  are  required  to  finish  one 
race.  In  this  manner,  heat  was  transferred  to  the  plate  and  both  the  plate  and  race  then 
radiated  the  heat  away. 

For  the  races  the  beam  was  scanned  vertically  but  not  horizontally  so  that  the 
beam  irradiated  the  bearing  races  over  the  vertical  extent  of  the  race  (1.5  cm  for  T58;  3 
cm  for  J79)  with  a  width  of  about  1  cm.  Table  IV  shows  the  maximum  temperature  of 
each  bearing  component  during  implantation.  The  target  chamber  vacuum  was  typically 
less  than  3  x  10-6  Torr  during  implantation  and  the  target  chamber  was  always  vented  to 
atmospheric  pressure  with  dry  nitrogen  gas  after  the  bearing  components  had  cooled  to 
at  least  below  550°F. 

Table  IV.  Normal  and  Maximum  Temperatures  Reached  by  Bearing  Components  during 
Implantation 


Component 

Temperature  (°F) 
^Normal  ^Max. 

J79  Inner  race 

400 

500 

J79  Outer  race 

400 

500 

J79  Ball 

450 

500 

T58  Inner  race 

400 

550 

T58  Outer  race 

500 

640 

T58  Roller 

390 

650 

The  T58  rollers  were  implanted  on  the  ends  with  the  jig  shown  in  Figure  7.  A 
stainless  steel  frame  held  down  to  an  aluminum  block  contains  the  rollers  which  are 
held  tightly  in  place  by  a  stainless  bar  pressed  against  the  roller  array  by  two  screws. 
Beneath  the  rollers  is  a  thin  sheet  of  Mo.  Cooling  is  accomplished  by  fastening  the 
holder  with  three  screws  to  a  water  cooled  shaft.  Indium  foil  pressed  between  the 
aluminum  block  and  cooled  shaft  promotes  heat  conduction  from  the  block.  The 
materials  of  stainless  steel  and  Mo  were  chosen  to  minimize  any  possible  deleterious 
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79599(4) 

Fig.  7  —  Photograph  of  implantation  jig  used  to  implant  18  T-58  bearing  roller  ends. 
Stainless  steel  frame  is  turned  over  to  implant  opposite  ends  of  rollers.  The  aluminum 
base  is  water  cooled. 


79599(6) 

Fig.  8  —  Photograph  of  implantation  jig  used  to  implant  up  to  48  T-58  rollers  at  one  time. 
Quarter  inch  coppeT  tubing  provides  water  cooling  and  support  for  stainless  steel  bars  that 
retain  the  rollers.  Rollers  are  implanted  in  four  rotations,  90°  apart,  for  complete  coverage 
of  the  circumference. 
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effects  of  sputtering  of  the  holder  material  onto  the  bearings.  Brass  and  aluminum, 
which  conduct  heat  much  better  than  stainless,  unfortunately  sputter  very  efficiently 
and  would  therefore  non-uniformally  coat  the  rollers  with  Cu,  Zu  and  Al.  Mo  has  a  low 
sputtering  coefficient  and  is  innocuous  in  that  the  small  amount  of  sputtered  Mo 
contamination  on  the  bearings  would  be  expected  to  have  a  beneficial  effect  on 
corrosion  resistance.  Impurities  sputtered  onto  the  bearings  from  stainless  steel  are 
chiefly  iron,  chromium  and  nickel  which  are  also  compatible  with  the  corrosion 
prevention  purpose  of  the  implanted  layer.  The  sputtering  coefficient  for  P  on  these 
materials  is  much  smaller  than  for  Cr  and  thus  was  not  deemed  a  problem. 

Roller  circumferences  were  implanted  in  four  steps  with  the  jig  shown  in  Figure 
8.  Stainless  steel  tubing  supports  stainless  horizontal  struts  each  of  which  hold  8 
rollers.  Water  flowing  through  the  tubing  cools  the  struts  which  in  turn  hold  and  cool 
the  rollers.  The  roller  circumferences  are  implanted  in  a  cubic  geometry  such  that 
each  of  four  "sides"  receives  the  same  fluence  of  particles.  This  results  in  a  ±  15% 
variation  in  fluence  around  the  circumference  of  the  roller.  For  Cr  implants,  the 
fluence  varies  between  1.5  x  l(r‘  and  2.1  x  10* '/cm  .  We  have  observed  that  the 
corrosion  inhibition  effects  of  Cr  implants  between  1  x  10*'  and  2  x  10*' /cm  fluences  are 
equal  by  means  of  the  simulation  test  mentioned  previously.  Therefore,  the  ±15% 
variation  in  fluence  is  not  expected  to  be  a  problem.  This  observation  is  also  consistent 
with  the  well  known  observation  that  an  abrupt  improvement  in  the  corrosion  resistance 
of  steels  occurs  at  a  Cr  concentration  of  12%,  so  that  if  this  criteria  is  met  by  the 
lowest  fluence  implant,  additional  Cr  will  not  substantially  further  improve  the 
corrosion  resistance  [2] . 

Figure  9  shows  a  planetary  gear  jig  designed  to  implant  up  to  48  J79  balls  in  one 
operation.  It  is  set  up  for  24  balls  on  a  0.19M  diameter  as  shown  in  Figure  9.  The  balls 
are  held  in  place  by  gravity  in  a  stainless  steel  "golf  tee"  and  each  ball  rotates  18  times 
for  each  rotation  of  the  whole  assembly.  The  beam  is  scanned  horizontally  and 
vertically  over  an  area  22  mm  high  by  51  mm  wide  so  that  at  any  one  time  slightly  more 
than  2  balls  are  being  irradiated.  The  problem  of  temperature  rise  is  solved  by  a  12  to  1 
duty  cycle  wherein  each  ball  is  irradiated  for  about  3  seconds  and  allowed  to  cool 
(chiefly  by  radiation)  for  about  37  seconds. 

The  emissivity  of  the  balls  was  determined  by  measuring  the  heating  curve  of  a 
ball  with  a  thermocouple  attached  to  it  in  vacuum.  Figure  10  presents  the  data  for  two 
different  input  powers  of  an  Ar  ion  beam.  From  the  equation  in  Figure  10  and  knowing 
the  input  power  and  surface  area  of  the  ball,  an  emissivity  of  0.25  is  computed.  From 
this  information  an  equilibrium  temperature  of  390°F  for  a  200  p  A,  150  keV,  beam  was 
computed.  The  measured  value  under  the  stated  implantation  conditions  of  425°F  is  in 
satisfactory  agreement  with  the  calculated  value.  During  implantation  the  temperature 
of  the  bearings  was  measured  and  continuously  monitored  by  means  of  an  infrared 
pyrometer  sighted  on  the  bearing  through  a  quartz  window  in  the  implantation  vacuum 
chamber. 

The  procedure  for  implanting  the  baUs  with  Cr  was  to  (i)  implant  in  a  rotating 
cylindrical  geometry  to  a  fluence  of  1  x  Ur'/cm  ,  (ii)  rotate  the  balls  90°  with  respect 
to  the  vertical  direction  and  implant  again  to  an  additional  fluence  of  l  x  Hr'/cm  . 
This  leaves  the  ball  surface  with  two  poles  containing  2  x  10‘7  ions/cm2,  two  poles 
containing  1  x  Mr'  ions/cm2,  and  the  remainder  of  the  surface  with  fluences  between 
these  two  values.  This  factor  of  the  two  nonunifomrity  in  fluence  will  not  be 
deleterious  for  the  same  reasons  as  discussed  for  roller  bearings.  It  is  envisaged  that 
under  production  conditions  T58  bearings  could  be  implanted  at  the  rate  of  4  per  hour. 
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Fig.  9  —  Photograph  of  planetary  gear  fixture  used  to  implant  24  J-79  balls  at  one  time 
(expandable  to  48  balls).  Stainless  steel  “golf  tees”  retain  the  balls  and  each  ball  rotates 
through  the  beam  spot  which  remains  fixed  at  the  dimensions  7/8  in.  tall  by  2  in.  wide. 

A  ball  rotates  18.5  times  for  each  rotation  of  the  platform. 
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PERFORMANCE  AND  ENDURANCE  TESTING  OF  FULL  SCALE  BEARINGS 

One  each  of  the  J79  and  T58  engine  bearings  (first  two  bearings  listed  in  Table 
III),  were  performance  tested  for  400  hours  at  conditions  simulating  speed,  load,  and 
temperatures  of  actual  operating  engines. 

In  addition,  10  each  of  the  modified  T58  bearings  (Table  III)  implanted  with  either 
Cr+P  or  Cr  were  fatigue  endurance  tested.  Another  group  of  10  untreated  bearings,  also 
fatigue  endurance  tested,  provided  a  baseline  for  comparison.  All  thirty  bearings  were 
made  from  a  single  lot  of  M50  steel  and  were  manufactured  at  the  same  time. 
Differences  in  endurance  life  could  therefore  be  attributed  only  to  the  implantation 
process  since  the  material  and  manufacturing  processes  were  statistically  similar 
among  the  three  groups. 

The  conditions  for  the  performance  and  the  endurance  testing  are  given  in  Table 
V.  Note  that  in  the  fatigue  endurance  testing  the  loads  are  much  higher  than  would  be 
expected  in  actual  operation.  This  is  done  to  accelerate  fatigue  spalling  so  that  failures 
will  be  obtained  in  a  reasonable  period  of  time  on  a  large  number  of  bearings.  For 
simplicity  and  reliability  the  machine  rotating  speed  is  usually  kept  low.  Bearings  in 
both  performance  tests  successfully  completed  the  scheduled  400  hour  test  without 
failure  and  were  capable  of  continued  operation.  Fatigue  test  results  for  the  fatigue 
endurance  bearings  are  shown  in  Table  VI.  All  bearings  experienced  a  fatigue  spall  at 
the  endurance  life  indicated  (in  hours)  except  where  noted.  The  data  from  each  group 
were  assumed  to  be  distributed  as  a  Weibull  function,  which  is  a  population  distribution 
normally  used  to  fit  contact  fatigue  data  [9] .  For  each  group  of  data,  Weibull 
distribution  parameters,  which  are  used  for  comparison  between  groups,  were 
calculated  using  a  least  squares  regression  analysis.  They  are  the  L10  life,  L50  life,  and 
the  Weibull  slope  (g)  and  listed  in  Table  VI.  These  are  defined  as  follows: 

a.  L10  life  -  The  number  of  hours  exceeded  by  90%  of  the  population, 

b.  L50  life  -  The  number  of  hours  exceeded  by  50%  of  the  population, 

c.  Weibull  slope  (g)  -  The  slope  of  the  computed  Weibull  line.  This  parameter 
indicates  the  amount  of  scatter  in  the  data. 

Using  the  method  described  in  reference  9,  a  statistical  comparison  was  made  of 
the  L10  and  L50  lives  of  each  implanted  group  against  the  baseline  unimplanted  group. 
The  results  show  no  significant  difference  in  fatigue  lives  among  any  of  the  three 
groups.  This  is  evident  by  the  large  amount  of  overlap  in  the  90  percent  confidence 
intervals  around  the  L10  and  L50  Weibull  parameters  as  shown  in  Table  VI. 

Energy  dispersive  X-ray  analysis  was  conducted  to  ascertain  the  Cr  content  in 
the  surface  of  one  roller  before  and  after  endurance  testing.  The  results  are  shown  in 
the  X-ray  spectra  of  Figure  II  which  includes  an  unimplanted  roller  for  baseline 
comparison  at  the  bottom,  implanted  and  fatigue  tested  in  the  middle,  and  as-implanted 
at  the  top.  It  can  be  seen  that  after  running  for  420  hours,  there  is  very  little  depletion 
of  Cr  in  the  roller  surface. 
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Table  VI.  Results  of  Fatigue  Endurance  Tests  (Hours  to  Failure) 


H-06.1 


Fifi.  11  —  Energy  disper  ivc  x-ray  spectra  of 
M50  steel  rollers  from  a  T-58  main  shaft 
bearing.  Top  —  Cr+P  implanted  but  not  en¬ 
durance  tested.  Middle  —  (Y+P  implanted  and 
after  420  hours  of  endurance  test  mu.  Bottom 
not  implanted  and  not  endurance  tested.  The 
3  spectra  are  normalized  to  the  Ke  K  line  for 
easy  comparison.  The  CY  Ka  line  is  consider¬ 
ably  larger  in  the  top  and  middle  spectra  than 
in  the  bottom  spectrum. 
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FUTURE  PLANS 


Evaluation  of  ion  implanted  M50  bearings  for  corrosion  protection  will  continue 

with: 


a.  In-service  evaluation  of  the  applications  listed  in  Table  III, 

b.  Testing  of  a  T63  engine  in  a  test  cell  with  chloride  and  water  contaminated 
oil.  Two  of  the  seven  mainshaft  engine  bearings  will  be  implanted  with  the  Cr+P, 

c.  Storage  testing  of  implanted  bearings, 

d.  Full  scale  bearing  corrosion  tests  as  described  in  reference  6.  Moreover, 
plans  are  currently  underway  to  examine  ion  implantation  for  (1)  improvement  in 
scuffing  resistance  of  spur  gears  and  (2)  corrosion  resistances  of  advanced  bearing  and 
gear  steels  such  as  CBS600  and  CBS1000M. 


COST  OF  IMPLANTATION  PROCESS 


With  currently  available  ion  sources  it  is  possible  to  produce  currents  of  up  to 
approximately  1  mA  of  Cr  ions.  Thjte  would  correspond  to  a  treatment  time  of  about  16 
sec/cni  to  reach  a  fluence  of  (1017  atoms/enc).  If  an  operating  cost  of  $35/hour  is 
assumed,  these  times  correspond  to  costs  of  roughly  $0.15/em  .  Further  development  of 
ion  sources  that  is  underway  should  increase  attainable  ion  currents  to  at  least  10  m A 
and  therefore  lower  costs. 


CONCLUSIONS 

Implantation  of  a  single  element  (Chromium)  or  dual  elements  (Chromium  plus 
Phosphorous  or  Molybedum)  substantially  improves  resistance  to  both  general  and 
pitting  corrosion  in  M50  steel.  The  improvements  are  strongly  evident  in  three 
independent  methods,  i.e.,  (1)  cylinder-on  flat  simulation  (2)  polarization  in  IN-H2SO4 
and  polarization  in  0.1M  or  0.01M  NaCl  solution. 

Implantation  jigs  have  been  disigned  and  built  which  enable  the  inner  and  outer 
bearing  race  surfaces,  rollers  and  balls  to  be  implanted  to  adequate  fluences  for 
corrosion  protection.  The  temperature  of  the  bearing  components  may  be  adequately 
controlled  during  implantation  so  that  there  is  no  loss  of  hardness. 

Twenty-three  T58  bearings  and  one  J79  bearing  have  been  successfully 
implanted.  The  average  time  to  implant  one  complete  T58  bearing  with  Cr  was  about  3 
hours  beam  time.  This  was  under  less  than  optimum  production  line  conditions.  It  is 
estimated  that  this  figure  could  be  improved  by  a  factor  of  about  ten  in  a  production 
line  situation. 

Implantation  of  the  ion  species  evaluated  does  not  adversely  affect  either 
bearing  performance  or  fatigue  endurance  life. 
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Abstract — The  corrosion  behaviour  of  Pd-implanted  Ti  in  boiling  IM  H2SO,  has  been  investigated 
by  means  of  high  resolution  Rutherford  backscattering  (RBS)  profiles  of  the  Pd  concentration  as  a 
function  of  corrosion  time,  and  by  electrochemical  methods  consisting  of  corrosion  potential  vs 
time  curves  and  potentiostatic  polarization  data.  Employing  ion-implanted  Xe  as  a  surface  ‘marker’, 
absolute  corrosion  rates  were  determined  by  RBS  analysis  and  compared  to  corrosion  rates  deter¬ 
mined  from  the  polarization  curves.  The  rate  of  Ti  dissolution  is  found  to  be  reduced  by  about  three 
orders  of  magnitude  for  Pd-implanted  samples.  The  corrosion  potential-timecurvesand  high  resolution 
RBS  data  both  show  that  soon  after  immersion,  the  Pd  surface  concentration  rises  to  20  at.  because 
of  preferential  dissolution  of  Ti  and  that  the  Pd  is  retained  in  the  surface  for  corrosion  times  of  up  to 
9  h.  The  steady  state  corrosion  potential  of  implanted  samples  is  close  to  that  of  pure  Pd  and  800  mV 
anodic  with  respect  to  the  corrosion  potential  of  pure  Ti.  The  protection  is  explained  by  the  fact 
that  the  mixed  electrode  potential  is  more  noble  than  the  critical  potential  for  passivity  of  Ti, 
resulting  in  a  markedly  reduced  dissolution  rate. 


INTRODUCTION 

The  corrosion  of  metals  is  caused  by  chemical  or  electrochemical  reactions  occurring 
within  the  first  few  atomic  layers  of  the  surface.  One  method  of  corrosion  control  is 
to  introduce,  by  alloying,  elements  which  improve  the  thermodynamic  stability  of 
the  surface  or  promote  the  formation  of  passive  films.  A  disadvantage  of  this  method 
is  that  elements  which  improve  corrosion  resistance  may  not  be  those  which  give 
the  desired  structural  properties  of  the  material.  Ion  implantation  of  metals  offers 
the  capability  of  modifying  the  surface  chemically  without  affecting  bulk  physical  or 
mechanical  properties  because  implantation  depths  are  typically  only  1-1000  nm. 
Other  attractive  features  of  the  ion-implantation  method  and  additional  background 
have  been  given  by  Ashworth  and  co-workers.1 

Results  in  the  literature  pertaining  to  the  effect  of  ion  implantation  on  the  aqueous 
corrosion  of  metals  has  been  directed  toward  iron  and  its  alloys.  Ashworth  ct  al. 
found  that  Cr  implanted  into  Fe  to  surface  concentrations  of  up  to  6%  Cr  produced 
the  same  corrosion  resistance  as  bulk  6%  content  alloys.2  In  addition,  it  was  found 
that  ion-implanted  Ta  was  better  than  Cr  in  improving  the  corrosion  resistance  of 
Fe.*  The  Ta  in  Fe  system  had  not  been  previously  studied  in  bulk  alloys  because  of 
the  vanishingly  small  solid  solubility  of  Ta.  Covino  and  co-workers4-5  studied  Cr 
and  Ni  implanted  into  Fe  and  obtained  similar  results. 

•Manuscript  received  19  December  1978. 

tPaper  presented  at  the  Meeting  on  ‘Ion  Implantation  and  Ion  Beam  Analysis  Techniques  in 
Corrosion’  held  at  the  University  of  Manchester  Institute  of  Science  and  Technology  in  the  Corrosion 
and  Protection  Centre,  28-30  June  1978. 
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This  paper  reports  on  the  corrosion  behaviour  and  characterization  of  Pd- 
implanted  titanium  in  boiling  1M  H2S04.  It  is  well  known  that  small  amounts  of  Pd 
in  bulk  alloys  (0.1  at."u)  produce  a  dramatic  reduction  in  the  corrosion  rate  of 
titanium  in  boiling  acids.®’7 

The  pr'rent  investigation  utilizes  electrochemical  techniques  in  conjunction  with 
high  resolution  Rutherford  backscattering  measurements.  Employing  ion-implanted 
Xe  as  a  surface  •marker’,  absolute  corrosion  rates  were  determined  by  Rutherford 
backscattering  (RBS)  analysis.  These  rates  were  in  good  agreement  with  the  corrosion 
rates  determined  from  the  polarization  curves  and  by  colorimetric  measurements  of 
dissolved  Ti.  The  rate  of  Ti  dissolution  is  shown  to  be  reduced  by  about  three  orders 
of  magnitude  for  Pd-implanted  samples.  The  protection  is  explained  by  retention  of 
-surface  Pd  producing  a  mixed  corrosion  potential  which  is  above  the  critical  potential 
for  passivity  of  Ti,  resulting  in  a  markedly  reduced  dissolution  rate. 

Preliminary  results  of  this  investigation  have  been  published  elsewhere.8  " 


EXPERIMENTAL  METHOD 

In  order  to  obtain  unambiguous  high-resolution  depth  information  concerning  the  ion-implanted 
palladium,  it  is  necessary  to  prepare  smooth  and  clean  titanium  surfaces.  Therefore,  careful  attention 
was  given  to  the  preparation  of  the  original  titanium  surfaces  by  means  of  a  mechanical  polishing 
procedure.  Samples  of  5  mm  thickness  were  cut  from  the  titanium  rod  (99.97  %  pure,  1.0  cm  diameter) 
and  were  vacuum  mounted  in  epoxy  leaving  one  exposed  surface  to  be  polished.  The  exposed  face 
was  abraded  with  240,  320, 400  and  600  grit  silicon  carbide  polishing  papers,  followed  by  a  mechanical 
polish  with  6  nm  diamond  paste  on  cloth.  A  final  polish  with  0.05  yAl.Oj  particles  in  a  5  %  oxalic 
acid  solution1"  resulted  in  a  mirror  finish  surface  in  which  no  scratches  or  surface  features  could  be 
detected  on  a  scanning  electron  microscope  (SEM)  at  magnifications  up  to  10,000  times. 

Surfaces  polished  in  this  manner  were  implanted  with  Pd  to  a  fiuencc  of  1  •  10'"  ions  cm  1  at 
an  energy  of  90  keV.  This  fluence  resulted  in  a  ncar-gaussian  shaped  concentration  profile  centred 
at  a  depth  of  24  nm.  The  concentration  at  the  gaussian  peak  was  4  at.%.  Some  samples  were  also 
implanted  with  Xe  to  a  fluence  of  3.5  x  I015  ions  cm  2  at  90  keV.  The  Xe  concentration  profile 
was  similar  to  the  Pd  profile  but  with  a  factor  of  three  lower  peak  concentration.  The  Xe  atoms 
provided  a  'marker’  in  RBS  analysis  with  which  to  register  the  amount  of  Ti  removed  from  the 
front  surface.  It  is  assumed  that  the  Xe  atoms  dissolve  into  solution  as  they  are  uncovered.  The 
amount  of  Ti  removed  is  measured  as  a  shift  toward  the  surface  of  the  RBS  Xe  profile.  (Of  course, 
physically  the  surface  moves  in  the  direction  of  the  Xe  atoms  as  the  Ti  dissolves.)  The  behaviour  of 
Pd-implanted,  and  Pd-plus-Xe-implanted  samples  was  identical  in  both  RBS  and  electrochemical 
measurements. 

High  resolution  RBS  profiles  were  obtained  with  a  2.5  MeV  a-particlc  beam  produced  by  the 
NRL  5MV  Van  de  Graaff  accelerator.  Particles  backseattered  by  the  target  at  an  angle  of  135 
were  detected  in  a  position-sensitive  detector  placed  in  the  focal  plane  of  a  50.8  cm  by  180  double- 
focusing  magnetic  spectrometer.  This  particle  detection  system  provides  an  energy  resolution  of 
0.80%  which  results  in  a  system  depth  resolution  of  about  4  nm.  Details  of  the  RBS  techniques  and 
the  magnetic  spectrometer  detection  system  may  be  found  elsewhere.11 

Electrochemical  measurements  were  made  using  a  single-compartment  cell  fitted  with  a  condenser. 
The  cell  was  also  fitted  with  standard  taper  ports  for  insertion  of  the  sample  electrode,  auxiliary 
electrode,  and  a  second,  smaller  condenser  through  which  aliquots  of  the  solution  were  pipetted  for 
colorimetric  analysis  of  dissolved  titanium  by  the  hydrogen  peroxide  method.1’ 

Electrode  potentials  were  measured  versus  the  mercury/mercurous  sulphate  electrode  using  a 
Luggin-Haber  capillary.  Heat  conduction  through  the  capillary  was  sufficient  to  maintain  the 
external  reference  electrode  at  95°,  as  compared  to  the  cell  temperature  of  100  .  The  Hg/HgjSO, 
electrode  was  utilized  because  it  has  been  shown  to  be  a  reliable  reference  electrode  at  those  tem¬ 
peratures.11  All  electrode  potentials  in  this  paper  are  reported  relative  to  the  Hg/HgjSOt  reference 
electrode.  (Potentials  are  converted  to  the  NHE  scale  by  adding  0.66V.) 

Before  use,  the  electrochemical  cell  and  all  component  glass  parts  were  cleaned  with  a  H,SO, 
HNOi  mixture  and  were  washed  thoroughly  with  tap  and  then  distilled  water.  Solutions  of  1M 
H,SO,  were  made  from  the  reagent  grade  chemical  and  distilled  water  prepared  in  a  Barnstead  still. 
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EXPERIMENTAL  RESULTS 

Samples  co-implanted  with  Pd  and  Xe  were  immersed  in  boiling  1M  H2S04  for 
various  times,  removed  from  the  solution,  and  profiles  of  the  Pd  and  Xe  concentra¬ 
tions  measured.  Figure  1  shows  profiles  for  an  as-implanted  sample  corroded  for  the 


DEPTH  (NM) 

Fig.  I.  The  energy  spectrum  of  a  particles  backscattered  from  ion-implanted  Pd  and 
Xe  in  pure  Ti  metal  for  an  as-implanted  sample,  and  after  *our  different  times  of  im¬ 
mersion  in  boiling  1 M  H,S04.  Particle  energy  is  converted  into  a  depth  scale  on  the 

abscissa. 
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been  removed  from  the  surface.  The  continual  reduction  of  the  Xe  signal  with  cor¬ 
rosion  time,  however,  indicates  that  Ti  is  being  dissolved.  Note  that  after  420  min, 
some  Xe  still  remains  in  the  sample. 

Figure  2  shows  similar  profiles  for  samples  implanted  with  Xe  only.  Fifty  per  cent 
of  the  Xe  is  removed  after  65  s,  90%  is  removed  after  1 10  s  and  100%  removed  after 
240  s. 

Profiles  of  implanted  samples  that  were  annealed  at  101  °C  for  several  hours  showed 
that  there  is  no  bulk  diffusion  of  Pd  or  Xe  at  this  temperature.  Therefore,  the  in¬ 
creased  surface  concentration  of  Pd  and  the  loss  of  Xe  occur  due  to  the  dissolution 
process  and  cannot  be  attributed  to  diffusion  effects. 

Implanted  Pd  is  retained  at  the  surface  for  at  least  9  h,  the  longest  test  performed 
to  date.  Longer  tests  were  precluded  because  of  the  failure  of  the  epoxy  moulds.  This 
retention  time  was  verified  by  colorimetric  analysis  of  dissolved  titanium  as  a  function 
of  immersion  time.  As  seen  in  Fig.  3,  a  negligible  amount  of  titanium  was  lost  from 
the  Pd-implanted  sample  until  after  immersion  for  8  h. 


5 
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Fig.  3.  Corrosion-time  curves  for  titanium  and  palladium-implanted  titanium  in 
boiling  1M  H,SO,,  as  measured  by  colorimetric  analysis  of  dissolved  titanium.  The 
sharp  increase  in  dissolved  titanium  after  approximately  8  h  was  caused  by  failure  of 

the  epoxy  mould. 

Figure  4  shows  electrode  potentials  for  pure  titanium,  pure  palladium,  and 
palladium-implanted  titanium  as  a  function  of  immersion  time  in  boiling  (1 00°C)  1M 
H2SO«.  The  time-axis  is  plotted  logarithmically  for  illustration  purposes  only.  The 
steady-state  open-circuit  corrosion  potential  of  palladium  was  approximately  1000  mV 
more  noble  than  that  of  pure  titanium.  The  steady-state  corrosion  potential  of 
implanted  sample  was  much  closer  to  that  of  pure  palladium  than  of  pure  titanium. 

In  the  first  few  minutes  of  immersion,  the  implanted  samples  show  a  rapid  transi¬ 
tion  in  time  from  a  corrosion  potential  near  that  of  pure  Ti  to  a  potential  close  to 
pure  Pd.  The  initial  part  of  this  transition  is  shown  in  Fig.  5.  After  1  min  in  the 
case  of  two  of  the  implanted  samples  and  after  1.5  min  for  a  third,  the  electrode 
potential  was  —  1.0  V  vs  Hg/HgsS04  and  tending  toward  the  potential  of  pure 
titanium.  In  the  next  few  seconds  in  each  case,  however,  the  electrode  reversed  toward 
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TIME  IN  MINUTES 

Fig.  4.  Open  circuit  corrosion  potentials  as  a  function  of  immersion  time  in  boiling 
1M  H,SO,  for  pure  titanium,  pure  palladium,  and  palladium-implanted  titanium.  The 
different  symbols  refer  to  replicate  experiments. 


Fig.  5.  Initial  portions  of  the  electrode  potential-time  curves  for  titanium  and 
palladium-implanted  titanium  in  boiling  1 M  H,SO( 


the  noble  direction  as  the  Ti-rich  surface  dissolved  away  to  expose  a  new  surface 
region  containing  an  increased  concentration  of  Pd.  According  to  the  RBS  data,  the 
surface  concentration  of  Pd  is  initially  less  than  0. 1  %  in  as-implanted  samples,  rises 
to  5%  after  6  min,  10%  after  12  min  and  saturates  at  about  16%  after  48  min. 


Palladium-implanted  titanium  109 

Figure  6  shows  potentiostatic  anodic  polarization  curves  for  pure  titanium,  pure 
palladium,  and  palladium-implanted  titanium  in  boiling  1M  H2S04.  All  curves  were 


Fig.  6.  Anodic  polarization  curves  for  titanium,  palladium,  and  palladium-implanted 
titanium  in  boiling  1 M  H„S04, 


determined  after  steady-state  open  circuit  potentials  were  first  established  (2-2.5  h 
immersion).  For  a  given  potential,  the  anodic  current  was  usually  constant  within 
5-10  min.  The  anodic  curve  for  pure  titanium  shows  the  normal  active-passive 
behaviour  which  has  been  typically  observed.®  71*  Well-defined  Tafel  slopes  were 
not  observed  in  the  active  region  but  the  corrosion  rate  at  the  open-circuit  potential, 
as  determined  by  the  colorimetric  analysis  data  in  Fig.  3,  is  3.7  mA  cm  *,  on  the 
basis  that  the  overall  anodic  reaction  is  Ti  ->  Tis+  +  3e~.u  The  implanted  samples 
display  a  passive  current  density  of  2-6  fxA  cm  *  The  approach  to  the  passive  current 
plateau  is  very  rapid,  so  that  there  is  probably  not  too  much  error  by  assuming  that 
the  passive  current  is  also  the  corrosion  current  at  the  open-circuit  potential  of  the 
implanted  sample.  Thus,  implantation  with  Pd  lowers  the  corrosion  rate  of  Ti  by  a 
factor  of  about  1000. 

Anodic  current  densities  for  pure  Pd  are  less  than  the  values  for  the  implanted 
samples  for  electrode  potentials  more  negative  than  0.2  V  vs  Hg/Hg2S04.  At  potentials 
more  positive  than  4-  0.2  V,  the  corrosion  rate  of  the  implanted  sample  is  less  than 
that  of  pure  Pd,  as  seen  in  Fig.  6.  Using  the  Pourbaix  diagram15  for  palladium  at 
25°C  as  an  approximate  guide,  at  zero  pH  Pd  is  polarized  from  a  region  of  immunity 
into  one  of  corrosion  for  potentials  more  positive  than  0.81V  vs  NHE  (0.15V  vs 
Hg/HglS04). 
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Corrosion  rates  were  also  determined  in  a  novel  manner  from  the  RBS  profiles  in 
Figs  1  and  2.  Figure  7  shows  the  amount  of  Ti  removed  from  the  implanted  sample 


Fia.  7.  Rutherford  backscattering  measurements  of  the  thickness  of  Ti  removed 
from  a  Pd-implanted  Ti  sample  as  a  function  of  corrosion  time  in  boiling  1M  H2SO, 

as  a  function  of  corrosion  time,  as  measured  by  energy  shifts  in  the  Xe  profiles. 
These  measurements  are  obtained  in  the  following  manner.  It  is  assumed  that  the 
shape  of  the  Xe  profile  is  modified  only  by  the  removal  of  Xe  atoms  from  the  surface 
as  the  surface  moves  inward.  The  shift  in  energy  of  the  remaining  Xe  profile  with 
respect  to  the  initial  profile  is  converted  into  a  thickness  of  material  removed  by 
means  of  the  well  known  energy  loss  rate  (d£/dx)  for  He  ions  in  titanium.  For 
example,  2.5  MeV  He  ions  incident  on  the  sample  that  are  scattered  by  a  Xe  atom 
and  are  subsequently  detected  have  an  effective  d Efdx  =  0.9  keV  nm-1.  If  an  energy 
shift  of  10  keV  is  measured  in  the  Xe  profile,  the  thickness  of  material  removed,  t,  is 
t  =  10  keV/0.9  keV  nm-1  =  11.1  nm.  By  this  method,  the  Ti  corrosion  rate  is  deter¬ 
mined  by  the  slope  of  the  curve  in  Fig.  7,  which  is  seen  to  be  very  large  at  small 
corrosion  times,  but  for  corrosion  times  greater  than  one  hour  becomes  constant  at 
0.44  pm  s-1.  This  value  may  be  considered  the  steady-state  corrosion  rate  because  the 
Pd  profiles  in  Fig.  1  indicate  that  the  Pd  redistribution  is  complete  for  times  greater 
than  about  one  hour.  Also,  the  open  circuit  corrosion  potential  is  also  nearly  constant 
at  this  time,  as  seen  in  Fig.  4.  The  rate  of  Ti  removal  of  0.44  pm  s  1  corresponds  to  a 
corrosion  current  density  of  1.2  plA  cm-*,  in  reasonable  agreement  with  the  values 
measured  by  the  polarization  method.  The  values  are  listed  in  Table  1. 


Table  1.  Corrosion  rates  for  titanium  and  palladium-implanted  titanium 
in  boiling  1 M  H,SO, _ 


Corrosion  rate 

Corrosion  current 

Rate  of 

Sample 

density 

titanium  removal 

Method  of  determination 

Titanium 

3.7  mA  cnr* 

1.4  nm  s-1 

Colorimetric  analysis  of  solution 

6.0  mA  cm-* 

2.2  nm  s_1 

RBS  profiles 

Pd-implanted 

2-6  |iA  cm-* 

0.74-2.2  pm  s  1 

Polarization  curves 

titanium 

1.2  j*A  cm'* 

0.44  pm  s_1 

RBS  profiles 
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The  behaviour  of  Xe-only  implanted  samples  is  shown  in  Fig.  8.  The  circles  are 
for  samples  which  were  at  room  temperature  when  inserted  itno  the  boiling  acid. 
There  is  an  incubation  period  of  30-60  s  during  which  there  is  negligible  removal  of 
Ti.  This  incubation  is  probably  caused  by  two  effects.  First,  some  time  is  required 
to  remove  the  native  oxide  film  from  the  metal  surface;  and  secondly,  the  sample 
mass  (i.e.  epoxy  -r  Ti)  requires  time  to  warm  up  from  room  temperature  to  101  C, 
the  boiling  temperature  of  1 M  HoS04.  The  latter  effect  can  be  minimized  by  preheating 
the  samples  in  boiling  distilled  water  and  quickly  transferring  the  sample  to  the  acid 
solution.  The  procedure  reduced  the  incubation  time  to  ca.  20  s,  as  shown  by  the 
crosses  in  Fig.  8.  However,  preheating  the  sample  quite  possibly  introduces  another 
variable  in  that  the  native  oxide  may  thicken  during  the  preheating.  Also  the  thicken¬ 
ing  of  air-formed  oxides  occurs  as  the  result  of  ion  implantation  in  Fe16  and  may 
occur  for  Ti  as  well.  However,  the  slope  of  the  solid  line  in  Fig.  8  is  2.2  nm  s-1,  in  good 
agreement  with  the  value  of  1.4  nm  s  1  determined  by  colorimetric  analysis  of  dis¬ 
solved  titanium.  When  the  same  slope  is  drawn  for  the  case  of  insertion  at  room 
temperature,  the  incubation  period  is  seen  to  be  50  s,  in  good  agreement  with  the 
delay  time  required  in  Fig.  4  for  Ti  to  approach  its  steady  state  corrosion  potential. 


CORROSION  TIME  (see) 

Fig.  8.  Rutherford  backscattering  measurements  of  the  thickness  of  Ti  removed  from 
pure  Ti  samples  as  a  function  of  corrosion  time  in  boiling  1M  HtSO<. 

DISCUSSION 

The  corrosion  resistance  of  the  Pd-implanted  surface  alloy  in  boiling  1 M  H2S04 
is  comparable  to  that  of  bulk  Pd-Ti  alloys.  Table  2  shows  that  the  corrosion  rate  of 
the  ion-implanted  system  is  actually  less  than  the  corrosion  rates  of  the  bulk  alloys, 
most  likely  due  to  the  greater  surface  concentration  of  Pd  in  the  ion-implanted  case. 
Table  2  also  shows  that  the  corrosion  rate  of  unimplanted  titanium  agrees  favourably 
with  the  results  of  previous  investigators. 

Electrochemical  measurements  and  Rutherford  backscattering  analyses  indicate 
that  the  improvement  with  the  implanted  sample  is  due  to  initial  preferential  dis¬ 
solution  of  titanium  with  subsequent  build-up  and  retention  of  surface  palladium. 
The  role  of  Pd  is  to  provide  cathodic  sites  for  the  hydrogen  evolution  reaction.  As 
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Table  2.  Comparison  of  experimental  corrosion  rates  in  boiling  IM  H,SO 


Investigator(s) 

Pd  content 

Ti 

Corrosion  rate  in  nm  s  1 

Pd-Ti  alloy  Pd-implanted  Ti 

Tomashov  et  at' 

Out", 

7.7 

Tomashov  et  at  ' 

0.1 

0.22 

Tomashov  et  at." 

2.0 

0  049 

Cotton11 

0 

1.9 

Stern  and  Bishop1” 

0 

3.2 

Stern  and  Bishop10 

0  22 

0054 

Stern  and  Wissenberg” 

0 

3.2 

Stern  and  Wissenberg0 

0.08 

0.13 

Stern  and  Wissenberg” 

0.44 

0036 

This  studv 

0 

1. 4-2.2 

This  study 

1  8  ug  cnr* 

0.0005-0.0022 

the  surface  concentration  of  Pd  increases,  so  does  the  cathode/anode  area  ratio.  The 
electrochemical  behaviour  of  the  composite  electrode  is  determined  by  the  inter¬ 
section  of  the  polarization  curves  for  hydrogen  evolution  on  the  cathodic  Pd  sites 
and  dissolution  of  Ti  on  the  anodic  sites. 

The  observed  mixed  potential  of  —0.35  V  resides  in  the  passivation  region  of  Ti, 
resulting  in  a  markedly  reduced  dissolution  rate.  This  mechanism  was  first  proposed 
for  noble  metal  alloying  of  bulk  titanium  by  Stern  and  Wissenberg.6 

According  to  the  Rutherford  backscattering  analyses,  the  concentration  of  Pd  at 
the  surface  is  increased  to  ca.  20°o  by  the  initial  preferential  dissolution  of  Ti.  A 
measurement  by  X-ray  photo-electron  spectroscopy  (XPS)  on  a  sample  after  a  5  h 
immersion  showed  about  equal  amounts  of  Pd  and  Ti  on  the  surface,  implying  a  Pd 
surface  coverage  of  50°o.  In  addition,  it  was  determined  that  the  Ti  was  in  the  form 
of  an  oxide  with  the  oxygen  being  3-4  times  more  abundant  than  Ti.  There  is  good 
qualitative  agreement  between  the  two  measurements  of  surface  coverage  of  Pd. 
Quantitative  agreement  is  precluded  by  uncertainties  involved  in  each  measurement 
technique.  For  example,  computer  simulations  of  RBS  energy  spectra  show  that  w  ith 
a  4  nm  depth  resolution,  a  5  nm  thick  20°„  Pd  coverage  cannot  be  distinguished  from 
a  0.5  nm  thick  50°o  coverage  overlying  a  4.5  nm  thick  16.7°,,  coverage. 

A  further  complication  in  measuring  the  anode/cathode  area  ratio  arises  from  the 
different  effective  surface  areas  of  the  implanted  versus  unimplanted  samples.  Figure  9 
shows  optical  photographs  and  micrographs  taken  with  the  scanning  electron  micro¬ 
scope  (SEM).  The  optical  photographs  (top)  were  exposed  by  scattered  light  from  the 
sample  surface,  resulting  in  dark  images  for  the  mirror  finish  surfaces  (implanted 
samples  before  and  after  corrosion).  The  bright  image  from  the  unimplanted,  cor¬ 
roded  sample  (middle)  shows  that  the  surface  is  very  rough  because  of  the  large 
amount  of  diffuse  scattering.  The  surfaces  are  shown  in  more  detail  by  their  cor¬ 
responding  SEM  micrographs  (bottom).  The  two  implanted  samples  are  smooth  and 
featureless,  while  the  unimplanted  sample  surface  is  very  granular  and  pitted.  The 
effective  surface  area  of  the  unimplanted  sample  is  somewhat  larger  than  for  the 
implanted,  smooth  surfaces.  A  reasonable  estimate  is  that  the  surface  roughness  is 
two  or  three  times  that  of  the  implanted  sample. 
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Corrosion  of  titanium  in  boiling  I  molar  H2S04 


As  implanted  (IOl6Pd/cm2) 


Unimplanted 
8  minute  corrosion 


Implanted  (I016  Pd/cm2) 
48  minute  corrosion 


Fig.  9.  Photographs  of  epoxy  mounted  Ti  samples  (top)  and  their  corresponding 
SEM  micrographs  (bottom).  All  samples  were  initially  polished  to  a  mirror  finish.  The 
photographs  detected  mostly  diffusely  scattered  light  and  indicate  that  the  centre 
sample  has  a  very  rough  surface. 
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Figure  10  shows  the  cathodic  polarization  curve  for  hydrogen  evolution  on  bulk 
palladium  and  portions  of  the  anodic  polarization  curve  for  bulk  titanium.  These 
curves  are  computed  on  the  basis  of  equal  areas  of  Pd  and  Ti,  and  show  the  total 
current  which  would  be  realized  for  the  two  electrochemical  processes  occurring  on 
an  implanted  sample  having  a  SO  %  Pd  enrichment.  Allowing  a  surface  roughness 
factor  of  2-3  for  the  anodic  Ti  curve,  the  two  curves  intersect  at  an  electrode  potential 
of  —0.42  to  —0.46  V,  and  a  corrosion  current  density  of  2.3-6.0  (xA  cm'*.  These 
values  are  not  too  different  from  the  corrosion  potential  (—0.26  to  —0.35  V)  and  cor¬ 
rosion  rates  (2-6  uA  cm-*)  of  the  implanted  sample.  Thus,  the  electrochemical 
behaviour  of  the  implanted  sample  can  be  reasonably  interpreted  by  the  mixed 
potential  corrosion  theory. 

No  evidence  of  intermetallic  surface  compounds  of  Ti  and  Pd  was  found  upon 
examination  of  the  implanted  surface  using  glancing  angle  electron  diffraction. 


Fio.  10.  The  cathodic  polarization  curve  for  hydrogen  evolution  on  Pd  and  portions 
of  the  anodic  polarization  curve  for  Ti  in  boiling  1 M  H,SO,.  Both  curves  are  calculated 
on  the  basis  of  equal  electrode  areas  of  Pd  and  Ti.  (Duplicate  experimental  runs  are 

shown  for  each  curve.) 


CONCLUSIONS 

The  active  dissolution  of  titanium  in  boiling  l  M  H,S04  is  reduced  by  there  orders 
of  magnitude  when  implanted  with  1.8  jxg  cm-2  of  Pd  in  a  thin  surface  layer,  and  the 
corrosion  protection  lasts  for  at  least  9  h.  The  mechanism  of  corrosion  protection  is 
explained  by  the  fact  that  Pd  residing  on  the  surface  creates  a  highly  local  galvanic 
couple  whose  corrosion  potential  is  between  that  of  pure  Pd  and  pure  Ti,  and  is  more 
noble  than  the  critical  potential  for  passivity  of  Ti.  This  corroborates  the  mechanism 
proposed  by  other  workers  of  Ti-Pd  alloy  systems. 
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A  method  of  determining  absolute  corrosion  rates  by  measuring  energy  shifts  of 
an  implanted  Xe  ‘marker’  in  RBS  maesurements  gave  results  in  good  agreement  with 
electrochemical  methods. 

Both  RBS  and  potential  vs  time  measurements  show  that  initially  the  Pd  is  buried 
beneath  the  surface,  and  preferential  dissolution  of  Ti  redistributes  Pd  until  a  high 
surface  concentration  is  obtained  (520%).  The  approximately  equal  areas  of  anode 
and  cathode  material  are  then  responsible  for  the  noble  value  of  the  corrosion  poten¬ 
tial  of  implanted  samples. 
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ABSTRACT 

A  preliminary  study  was  made  of  the  effect  of  certain  elements  implanted 
in  iron  on  the  absorption  of  hydrogen  by  Ferrovac-E  iron.  Using  the  permea¬ 
tion  technique,  it  was  found  that  the  location  of  implanted  Pt,  as  modified 
by  selective  dissolution  of  iron  from  the  surface,  affects  the  kinetics  of  the 
hydrogen  evolution  reaction  and,  hence,  of  the  hydrogen  absorption  process. 
The  rate  of  hydrogen  absorption  decreased  with  increase  in  Pt  concentration 
on  the  surface  in  both  0.1N  NaOH  and  0.1N  HjS04.  A  catalytic  mechanism  is 
proposed  to  explain  the  marked  reduction  in  hydrogen  permeation.  There  are 
no  significant  differences  in  the  permeation  behavior  of  unimplanted  and 
helium-  or  iron-implanted  iron  membranes  in  O.lAf  NaOH.  The  experimentally 
observed  Tafel  slope,  the  permeation- (charging)  potential  relationship,  and 
the  permeation- (charging)  current  relationship  indicate  a  coupled  discharge- 
recombination  mechanism  of  hydrogen  evolution  on  He-,  Fe-,  or  Pt-implanted 
iron.  At  higher  cathodic  overpotentials  in  0.1N  NaOH,  corresponding  to  poten¬ 
tials  more -negative  than  - 1 OV  (SHE),  another  mechanism  of  hydrogen 
evolution  is  indicated.  Selective  dissolution  of  iron  from  the  Pt-implanted  Fe 
surface  layer  may  involve  some  platinum  and  iron  interdiffusion  according  to 
Rutherford  backscattering  analyses. 


Hydrogen  absorption  greatly  reduces  the  mechani¬ 
cal  properties  of  structural  alloys.  A  number  of  in¬ 
vestigators  have  studied  the  possibility  of  reducing 
hydrogen  absorption  by  coatings  (1-4).  Besides  func¬ 
tioning  as  barriers  to  hydrogen  entry,  coatings  may 
also  reduce  hydrogen  absorption  through  their  effect 
on  the  kinetics  of  the  hydrogen  evolution  reaction  and, 
hence,  of  the  hydrogen  absorption  process.  Chatterjee 
et  al.  (4)  provided  experimental  evidence  for  the  cata¬ 
lytic  mechanism  of  decreasing  hydrogen  entry  into 
iron.  They  found  that  discontinuous  electrodeposited 
coatings  of  Pt,  Ni,  or  Cu  on  iron  are  effective  in  re¬ 
ducing  hydrogen  entry  into  the  membrane.  The  ion 
implantation  technique  is  another  method  for  altering 
the  surface  chemically  and.  thus,  the  mechanism  and 
kinetics  of  the  hydrogen  evolution  reaction,  without 
affecting  bulk  physical  or  mechanical  properties. 

Ashworth  and  co-workers  (5)  were  among  the  first 
to  report  the  effect  of  implantation  on  the  polarization 
behavior  of  iron.  They  found  that  there  are  no  sig¬ 
nificant  differences  between  the  polarization  behavior 
of  unimplanted  and  argon-implanted  iron  beyond  that 
due  to  changes  in  surface  roughness  associated  with 
the  implantation  process.  Other  implanted  elements  in 
iron,  such  as  chromium  and  lead,  were  shown  to  in¬ 
fluence  the  polarization  behavior  (6,  7). 

This  paper  reports  the  results  of  initial  studies  di¬ 
rected  at  evaluating  the  effect  of  implantation  on  hy¬ 
drogen  permeation.  No  other  studies  of  hydrogen  per¬ 
meation  of  implanted  membranes  are  known  to  be  re¬ 
ported  in  the  literature.  Specifically,  the  results  pro¬ 
vide  insight  on: 

1.  Whether,  and  to  what  extent,  implanted  platinum, 
helium,  or  iron  reduce  hydrogen  permeation  through 
iron. 

2.  The  effect  of  the  nature  and  proximity  to  the  sur¬ 
face  of  the  implanted  species  on  the  mechanism  and 
kinetics  of  the  hydrogen  evolution  reaction  and,  hence, 
of  the  hydrogen  absorption  process. 

*  tloclrochomlcnl  Society  Active  Memkee. 

Key  words:  loo  Implantation,  hydrogen  evolution,  Fe-Pt,  Tafel 
•lope,  catalyst. 


3.  The  effect  of  implantation  on  (effective)  hydro¬ 
gen  diffusivity  which  may  be  related  to  trapping  char¬ 
acteristics. 

The  rationale  behind  choosing  Pt  for  implantation  is 
that  Pt  is  one  of  the  best  electrocatalysts  for  the  hy¬ 
drogen  evolution  reaction.  In  order  to  sort  out  any 
effects  due  to  the  implantation  process,  itself,  the  inert 
element.  He.  and  the  substrate  element.  Fe.  were  also 
chosen  for  comparison. 

Experimental  Procedure 

The  hydrogen  permeation  measurements  were  car¬ 
ried  out  on  Ferrovac-E  iron.  The  Fe  membranes  were 
prepared  by  cold-rolling  wafers  cut  from  a  master 
ingot  to  the  required  thickness  (0.365  mm).  After  pol¬ 
ishing  to  600  grit,  they  were  degreased  using  benzene 
and  methanol  in  a  soxhlet  apparatus,  and  then  an¬ 
nealed  for  2  hr  at  1273'K  (1000‘C)  in  an  argon-filled 
silica  capsule.  The  latter  treatment  produced  an  etched 
surface.  One  side  of  some  of  these  membranes  was 
exposed  to  beams  of  Fe  f .  He’ ,  or  Pt  *  ions  at  fluences 
and  energies  given  in  Table  I.  The  samples  were  im¬ 
planted  in  a  vacuum  of  10  4  Pa  (10'*  Torr)  and  were 
in  close  proximity  to  a  cold  surface  at  liquid  nitro¬ 
gen  temperatures  (77'K)  which  minimized  carbon 
contamination.  The  temperature  of  the  samples  during 
implantation  did  not  exceed  323'  K.  The  implanted 
samples  were  stored  in  an  evacuated  desiccator.  Prior 
to  the  permeation  runs,  the  Pt  content  on  the  surface 
of  the  Pt-implanted  membranes  was  increased  by 
selective  dissolution  of  iron  via  immersion  in  1M 
H2SO4  for  20  sec.  This  amount  of  etching  produced  no 
change  in  surface  morphology  observable  by  light  or 


Tab!*  I.  Enorfin  and  fh/tnen  of  implanted  ion*  in  iron  mombranof 


Ion 

Energy*  keV 

Fluence,  tone/ cm* 

Ft 

ISO 

1  x  10»» 

Pt 

100 

1.5  x  10“ 

He 

24 

1.0  x  10** 
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•canning  electron  microscopy.  Permeation  measure¬ 
ments  were  also  made  after  subsequent  10  sec  im¬ 
mersions  in  0.1N  HjSO,.  Sulfuric  acid  is  known  to 
selectively  remove  iron  from  a  Fe-Pt  solid  solution 
(8). 

Electrolyte  solutions  were  prepared  from  conductiv¬ 
ity  water  (doubly  distilled)  prepared  by  the  method 
of  Powers  (9)  and  reagent  grade  chemicals.  Final 
purification  was  made  by  pre-electrolyzing  the  solu¬ 
tions  in  an  external  cell  prior  to  admitting  them  to 
the  permeation  cell. 

The  technique  of  Devanathan  and  Stachurski  (10) 
was  used  to  measure  the  permeability  of  hydrogen 
through  a  membrane  while  evolving  hydrogen  off  the 
implanted  surface.  In  this  method,  a  thin  metallic 
membrane  is  electrolytically  charged  with  hydrogen 
on  the  implanted  side,  while  on  the  other  exit  side  the 
hydrogen,  which  lias  diffused  through  the  membrane, 
is  anodically  oxidized.  The  orifice  of  the  cell  and,  thus, 
the  charging  area  was  0.785  cm2.  The  measured  anodic 
current  is  a  direct  measure  of  the  hydrogen  flux 
through  the  membrane  for  conditions  at  the  exit  sur¬ 
face,  which  included  a  thin  palladium  coating  and  an 
oxidizing  potential  of  0.018V  (SHE).  These  are  the 
same  conditions  found  previously  to  be  suitable  for 
oxidizing  all  of  the  hydrogen  arriving  at  the  anodically 
polarized  surface  (4).  The  reported  values  are  the 
measured  values  after  correction  for  the  residual  cur¬ 
rent  which  is  typically  less  than  1  i*A  cm'*.  The  po¬ 
tential  of  the  charging  surface  was  measured  using  an 
Hg/HgjSO.,  reference  electrode  in  0.1N  H2SO<  and  an 
Hg/HgO  reference  electrode  in  0.1N  NaOH,  and  that 
of  the  exit  surface  using  an  Hg/HgO  reference  electrode 
in  0.1JV  NaOH.  Both  chambers  of  the  cell  were  de¬ 
aerated  by  bubbling  oxygen-free  nitrogen  through  the 
solutions.  The  permeation  measurements  were  per¬ 
formed  under  conditions  of  cathodic  protection.  De¬ 
tails  of  the  cel)  and  circuitry  are  reported  elsewhere 
(4). 

The  permeation  data  were  obtained  as  follows.  The 
Fe-  and  He-implanted  iron  membranes  were  pre¬ 
charged  at  ic  =  0.10  mA  cm-2  for  45  min  by  which 
time  a  quasi-stationary  permeation  current  was  es¬ 
tablished.  The  Pt-implanted  membranes  were  similarly 
precharged  at  1  mA  cm-2  ( —15  min  in  0.1N  NaOH  and 
—7  min  in  0.  IN  H2SO») .  The  membranes  were  then 
charged  galvanostatically  in  0.02  mA  cm  2  steps  in 
0.1N  NaOH  or  in  0.2  mA  cm-2  steps  in  0.1N  H2SO4  in 
descending  and  then  ascending  uirections.  Each  charg¬ 
ing  current  was  maintained  for  about  4  min  by  which 
time  a  quasi-stationary  permeation  current  was  es¬ 
tablished.  This  procedure  has  been  found  to  give  con¬ 
stant  and  reproducible  permeation  transients  depend¬ 
ent  only  on  the  charging  conditions  for  a  given  speci¬ 
men. 

Some  of  the  concentration  profiles  after  implanta¬ 
tion  were  measured  by  means  of  high  resolution 
Rutherford  backscattering  of  alpha  particles  with  a 
depth  resolution  of  4  nm.  For  this  measurement,  the 
surface  to  be  implanted  was  first  polished  to  a  mirror 
finish  with  6  n m  diamond  paste.  Details  of  this  method 
may  be  found  elsewhere  (11, 12). 


Tima  ,  sac 


Fig.  I.  Hydrogen  permeation  tranmm  for  on  Ho-kaplontod  Fo 
mom  brant  and  lor  0  Ft-implonted  Ft  membrane  offer  a  20  tec 
dissolution  in  1M  H2SO4.  k  =  0.1  mA  cm-2  in  0.1N  NoOH. 

Results 

Table  H  shows  that  the  steady-state  hydrogen  per¬ 
meation  fluxes,  and  electrode  potentials  at  the 
charging  side,  E,  in  0.1N  NaOH  are  the  same  for  unim¬ 
planted  Fe  membranes  and  identical  membranes  im¬ 
planted  with  He  or  Fe.  These  values  and  the  transients 
themselves  are  also  typical  for  these  samples  after 
various  periods  of  immersion  in  sulfuric  acid. 

The  permeation  transients  prior  to  steady  state  were 
also  the  same  within  the  experimental  error  for  these 
membranes;  the  half-rise  time  (t,/2)  was  5.5  ±  1.0 
sec.  Typical  peTmeation  transients  are  shown  in  Fig. 
1.  The  effective  diffusivity,  calculated  using  the  ex¬ 
pression  ( 13,  14) 

„  0.138  & 

D  = - 

ti/s 

where  L  is  the  membrane  thickness,  is  D  =  3  x  10~* 
cm2  sec'1.  This  value  is  in  good  agreement  with  litera¬ 
ture  values  for  well-annealed  iron  (15)  and  is  also 
essentially  the  value  obtained  by  extrapolation  of 
high  temperature  diffusion  data  to  room  temperature 
(16).  The  experimentally  observed  Tafel  slope  is  —  122 
±  5  mV  (Fig.  4).  This  value  is  the  same  as  that  re- 


Tobl*  II.  Variation  of  the  eteady-ttate  hydrogen  parmaafion  fin  and  of  Hit  •lactreda  poftnfial  at  tfca  charting  tid<  with  tha 
charging  currant  density  for  an  animplantad  Fa  membrane  and  for  an  identical  membrane  implanted  with  He  or  Fe.  Charging 

eolation  was  0.IN  NaOH 


Steady-state  permeation  rate  and  electrode  potential  of  the  chars  Inf  side 


Cterflnc  cur* 

UnlmplnnUd  iron 

He-impUnUd  Iron 

Fe-lmpUntcd  iron 

■A/cm* 

in,  jtA/cm" 

-£*,  V(SHX) 

le,  dA/cm* 

—  fc'e,  V(SHJE) 

-  Et ,  V(SKE) 

Cl 

1.77 

1.000 

1.79 

1.009 

l.«9 

1.00 

cot 

1.M 

0.090 

1.40 

0.009 

1.49 

0.990 

CM 

143 

0.079 

147 

0.074 

147 

0.979 

CM 

1.0* 

0.000 

1.03 

0*0 

1.01 

0.990 

0.01 

0.70 

0.910 

0.74 

0.910 

0.07 

0.910 
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Fig.  Z  Rutherford  beckicattering  profiles  of  implanted  Pt  in  Ft 
as  a  function  of  time  of  immersion  of  the  implanted  sample  in  IM 
HiSOs  at  room  temperature.  Depth  of  resolution  it  4  nm  (40A). 


ported  for  hydrogen  evolution  on  Fe  in  0.11V  NaOH 
(17). 

Figure  2  shows  distribution  profiles  of  Pt  implanted 
in  Fe  after  different  amounts  of  dissolution  in  1M 
H2S04  at  room  temperature.  After  20  sec  immersion 
in  the  acid,  the  peak  concentration  of  Pt  is  closer  to 
the  surface  and  the  area  under  the  curve  is  essentially 
unchanged,  indicating  that  only  iron  is  dissolved  dur¬ 
ing  this  initial  dissolution  period;  and  the  tail  of  the 
profile  extends  further  into  the  alloy  as  measured  from 
either  the  peak  or  the  original  surface  position  (not 
shown),  suggesting  Pt  diffused  into  the  alloy  (during 
and/or  following  dissolution)  to  a  distance  roughly 
equal  to  the  distance  the  surface  has  receded.'  The 
(average)  Pt  concentration  within  a  surface  region  of 
about  4  nm  thickness  as  measured  by  Rutherford  back- 
scattering  is  significantly  higher  (-.3%  by  weight) 
than  in  the  as-implanted  case  t  -  0. 1  % ) . 

Profiles  obtained  after  a  second  20  sec  dissolution 
period  in  1M  H2S04  show  that  the  Pt  content  is  much 
less  and  nearly  at  background  levels  (Fig.  2),  which 
indicates  that  most  of  the  Pt  is  lost  from  the  mem- 

1  This  follows  since  the  profile  width  u  shout  the  some  before 
snd  after  the  initial  20  sec  Immersion.  An  estimate  la  10  nm  after 
2u  sec  baaed  on  published  corrosion  rates  A  cm  ‘  at  20S'Ki 

of  steel  in  sulfuric  acid  tlij. 


brane  during  this  second  dissolution  process.  Permea¬ 
tion  measurements  were  mainly  done,  therefore,  after 
an  initial  20  sec  exposure  of  the  Pt-implanted  mem¬ 
branes  to  1M  H2S04. 

Figure  3  shows  a  linear  dependence  of  the  steady- 
state  permeation  current  density  on  the  square  root 
of  the  charging  current  density  with  the  curve  passing 
through  the  origin  for  an  unimplanted  Fe  membrane 
and  for  a  Pt-implanted  Fe  membrane  following  a  20 
sec  immersion  in  1M  H2S04.  This  is  taken  as  an  indi¬ 
cation  of  a  diffusion-controlled  hydrogen  permeation 
process  (17,  19).  The  permeation  transient  for  the 
latter  membrane  is  shown  in  Fig.  1.  The  hydrogen 
permeability  is  less  at  all  charging  currents  for  the 
Pt-implanted,  than  for  the  unimplanted,  iron  mem¬ 
branes.  Pt  profiles  which  were  not  modified  by  selec¬ 
tive  iron  dissolution  were  found  to  have  an  insig¬ 
nificant  effect  on  the  hydrogen  evolution  and  perme¬ 
ation  kinetics. 

The  electrode  potentials  for  hydrogen  evolution  on 
the  Pt-implanted  membrane  (after  immersion  in  acid) 
are  invariably  more  noble  than  those  on  the  unim¬ 
planted  membrane,  Fig.  4.  The  Tafel  slope  is  —122  ± 
5  mV  for  both  unimplanted  and  Pt-implanted  iron. 
The  relations  between  permeation  and  the  electrode 
potential  of  the  charging  surface  for  unimplanted  and 
Pt-implanted  Fe  membranes  are  given  in  Fig.  5  for 
the  0.1N  NaOH  charging  solution.  The  slopes  of  the 
straight  segments  of  the  curves  of  both  the  unim¬ 
planted  Fe  and  Pt-implanted  Fe  membranes  are  —255 
±  5  mV.  About  the  same  slope  is  also  obtained  in 
the  0.1  N  H2S04  charging  solution  over  a  wide  range 
of  overpotential  for  both  charging  surfaces.  Table  III. 

As  with  the  Pt  content  of  the  surface  (Fig.  2),  both 
the  measured  electrode  potential  of  the  Pt-implanted 
surface  and  the  permeation  rate  of  hydrogen  through 
the  Pt-implanted  membrane  during  hydrogen  charg¬ 
ing  are  functions  of  the  pretreatment  immersion  time 
in,  and  concentration  of,  sulfuric  acid.  Figure  6  shows 
variations  in  potential  and  permeation  as  a  function  of 
additional  10  sec  immersion  periods  (following  the 
initial  20  sec  immersion)  in  a  diluted  sulfuric  acid. 
The  trends  of  i,  decreasing  and  E  increasing  in  a  more 
oxidizing  direction  hold  for  an  additional  40  sec  im¬ 
mersion  in  0.1N  HjS04.  Then,  a  reversal  of  the  electro¬ 
chemical  parameters  occurs. 

Discussion 

The  electrocatalytic  activity  of  a  surface  for  the 
hydrogen  evolution  reaction  can  be  estimated  from  the 
overpotential  required  to  evolve  hydrogen  a;  a  given 
current  density— the  lower  the  overpotential  or  the 
more  noble  the  electrode  potential,  the  more  catalytic 
the  surface.  Figure  4  and  Table  III  show  the  electrode 
potentials  measured  in  alkaline-  and  acid-charging 
solutions.  It  is  seen  that  the  electrode  potential  for 
the  hydrogen  evolution  reaction  is  more  noble  on  Pt- 
implanted  than  on  ummplanted  surfaces.  It  follows 


Fif.  J.  Steady-itott  ptrnttahon  rail  i.  el  a  function  of  the 
■quart  root  of  tht  charging  currant  density  ic  for  an  unimplanted 
Ft  mtmbrant  end  a  Pt-implanted  end  ocid  trtattd  Ft  ntmbront. 
Charting  solution  wot  O  lN  NaOH. 
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Fig.  4.  The  polarisation  curve  in  the  Tofel  region  for  hydrogen 
•volution  in  0.1  N  NaOH  on  an  unimplanted  iron  (Q)  and  o  Ft- 
implanted  Fe  membrane  following  a  20  sec  immersion  in  1M 

HjSOe  <□>. 

that  the  degree  of  hydrogen  coverage,  e,  and  the 
permeability  of  hydrogen  should  be  less  for  Pt-im- 
planted,  than  for  unimplanted,  iron  membranes  (20, 
13,  4)  in  accord  with  the  permeation  results  in  Fig.  3 
and  5. 

The  above  reasoning  also  explains  the  decrease  of 
the  steady-state  permeation  and  the  more  positive 
electrode  potential  with  increasing  pretreatment  im¬ 
mersion  time  (Fig.  6),  i.e.,  acid  attack  initially  in¬ 
creases  the  Pt  content  of  the  surface  as  was  shown  by 

Toblo  III.  Variation  of  tho  stoady-stato  hydrogen  permeation  flux 
and  of  tho  electrode  potential  of  the  charging  side  with  the 
charting  current  density  for  an  onimplanttd  Fe  membrane 
and  for  a  Pt-implanted  Fe  membrane.  Charging  solution 
was  0.1N  HySOe 


Stexdy-sUte  permeation  rate  usd  electrode 
potential  of  the  charging  Me 
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Fig.  3.  Steady-state  permeation  rate  i.  at  a  function  of  the  po¬ 
tential  of  the  charging  surface  of  the  membrane,  fc.  Charging  solu¬ 
tion  was  0.1  N  NaOH. 

Rutherford  backscattering  (Fig.  2).  A  correspondence 
of  the  electrochemical  and  the  backscattering  data 
also  holds  at  longer  pretreatment  immersion  times 
when  a  reversal  in  the  trends  of  Ec  and  i.  corresponds 
to  a  loss  of  Pt  from  the  surface.  Thus,  it  would  seem 


Fig.  6.  Steody-atots  perm  notion  rote  (Q)  end  chorging  potential 
(O*  «»  *  function  of  additional  immersion  periods  in  0,1  N  H^SOe 
beyond  the  initial  20  toe  immersion  in  1M  HjSOt  of  the  Ftim- 
planted  surface.  Charging  current  was  0.6  mA  cm  s  in  0.1N  HgSOg. 
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that  as  the  surface  recedes  and  overtakes  the  Pt  pro¬ 
file,  the  Pt  concentration  on  the  surface  reaches  a  level 
for  which  accumulation  of  Pt  into  particles,  followed 
by  detachment,  occurs.  Such  is  known  to  happen  when 
an  alloy  contains  low  percentages  (~1%)  of  a  noble 
metal  in  solid  solution  (21),  and  is  in  accord  with  in¬ 
dustrial  experience,  especially  during  electrolytic  re¬ 
fining  of  copper  containing  small  amounts  of  gold.  The 
reversal  in  the  trends  of  £c  and  i.  occurs  at  shorter 
immersion  times  for  higher  concentrations  of  sulfuric 
acid  (Fig.  2  vs.  Fig.  6).  This  is  in  accord  with  a  faster 
rate  of  attack  in  the  more  concentrated  acid,  and  thus 
a  faster  rate  of  recession  of  the  surface.  That  con¬ 
tinued  dissolution  of  the  membrane  eventually  leads 
to  Pt  loss  from  the  surface  (Fig.  2)  is  supported  by  the 
approach  after  long  times  of  the  i.  and  Ec  values  to 
those  for  unimplanted  Fe  membranes. 

In  summary,  the  mechanism  by  which  implanted  Pt 
reduces  hydrogen  absorption  by  iron  is  related  to  the 
different  catalytic  tendencies  of  Pt  and  Fe  for  the  hy¬ 
drogen  evolution  reaction.  In  this  case,  the  hydrogen 
evolution  reaction  occurs  more  readily  (lower  over¬ 
voltage  required)  on  Pt  than  on  Fe  (sites);  thus,  the 
coverage  of  hydrogen  on  the  composite  Pt-Fe  surface 
is  lower  and,  consequently,  so  also  is  the  absorption 
rate.  Thus,  these  results  indicate  that  for  implantation 
in  iron  to  be  effective  for  reducing  hydrogen  absorp¬ 
tion,  implants  should  have  a  higher  exchange  current 
density  for  hydrogen  evolution  than  that  for  the  sub¬ 
strate  metal.  The  data  also  show  for  Pt  implants  that 
modifications  of  the  implantation  profile,  which  in¬ 
crease  the  concentration  of  the  implant  in  the  outer¬ 
most  surface  layer,  increase  evolution  and  decrease 
absorption  of  hydrogen. 

The  Rutherford  backscattering  data  here  and  else¬ 
where  (11)  give  some  indication  that  a  limited  amount 
of  interdiffusion  of  the  alloy  components  occurs  dur¬ 
ing  (and/or  after)  selective  dissolution  (of  the  iron). 
While  this  has  yet  to  be  shown  to  be  the  actual  ex¬ 
planation  of  the  backscattering  profiles  obtained  be¬ 
fore  and  after  the  initial  (20  sec)  dissolution  period 
(Fig.  2),  the  explanation  itself  is  reasonable  for  cer¬ 
tain  conditions  of  anodic  dissolution  which  generate 
vacancies  as  analyzed  elsewhere  (21-25). 

The  data  in  Table  II  for  He-  and  Fe-implanted  iron 
show  that  there  are  no  significant  differences  in  the 
polarization  or  permeation  behavior  between  unim¬ 
planted  and  He-  or  Fe-implanted  iron.  Furthermore, 
the  Tafel  slopes  are  also  the  same.  Thus,  the  implanta¬ 
tion  process,  itself,  does  not  modify  the  mechanism  of, 
or  the  catalytic  character  of  the  surface  for,  the  hy¬ 
drogen  evolution  reaction.  Ashworth  et  al.  (5),  also 
found  that  once  the  air-formed  oxide  is  removed,  the 
polarization  behavior  of  unimplanted  and  argon-im¬ 
planted  iron  is  nearly  the  same.  A  delay  in  the  perme¬ 
ation-kinetics,  on  the  other  hand,  might  have  been 
expected  for  the  implanted  membrane  since  the  im¬ 
plantation  process,  itself,  introduces  defects  to  about 
the  depth  of  the  profile.  In  recent  ion  beam  studies  of 
deuterium-implanted  iron  Myers  et  al.  (26)  found 
that  the  activation  energy  of  a  deuterium  trap  pro¬ 
duced  by  the  implantation  process  is  0.81  eV,  that 
slow  release  from  the  traps  occurs  between  300*  and 
400’K,  and  that  either  implanted  deuterium  or  iron 
creates  the  traps.  The  presence  of  effective  hydrogen 
traps  can,  in  principle,  be  indicated  by  a  comparison 
of  the  permeation  rise  times  for  unimplanted  and  im¬ 
planted  membranes.  That  the  half-rise  times  in  the 
present  measurements  were  the  same  within  the  ex¬ 
perimental  error  may  be  attributed  to  (i)  modifica¬ 
tions  of  the  nature  or  density  of  the  traps  during  the 
long  (—9  month)  delay  between  the  implantation 
process  and  the  permeation  measurements,  (ii)  filling 
of  the  traps  with  hydrogen  from  other  sources  during 
the  above-mentioned  delay,  and/or  (iii)  a  lack  of  sen¬ 
sitivity  in  the  measurement  Experiments  are  cur¬ 
rently  underway  in  an  attempt  to  resolve  this  issue. 


Some  of  the  data  obtained  in  this  work  are  of  the 
type  normally  used  for  evaluation  of  the  mechanim 
of  the  hydrogen  evolution  reaction.  It  has  been  shown 
elsewhere  (13,  19,  20)  that  if  hydrogen  evolution  oc¬ 
curs  via  a  coupled  discharge-recombination  mecha¬ 
nism,  as  is  the  case  for  iron,  the  following  relations 
are  obtained  at  low  hydrogen  coverages,  e,  for  rate- 
controlling  diffusion  through  the  membrane 
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where  n  is  the  overpotential  for  hydrogen  evolution, 
F  the  Faraday,  R  the  gas  constant,  and  T  the  tem¬ 
perature.  In  this  investigation  it  was  found  that  the 
steady-state  permeation  current  is  directly  propor¬ 
tional  to  the  square  root  of  the  charging  current  den¬ 
sity  (Fig.  3  and  Table  II)  for  Fe-implanted,  He-im- 
planted,  and  unimplanted  iron  membranes  in  accord 
with  Eq.  [1],  Furthermore,  the  Tafel  slope  (Fig.  4)  is 
-122  +  SmV  and  3n/0  In  i.  =  -255  i  5  mV  (Fig.  5) 
in  reasonably  good  agreement  with  Eq.  [2]  and  [3], 
respectively.  At  higher  cathodic  overpotentials  in 
Q.1N  NaOH,  corresponding  to  potentials  more  negative 
than  —  1.0V  (SHE),  there  appears  to  be  a  change  in 
the  mechanism  of  hydrogen  evolution  for  the  unim¬ 
planted  and  Fe-  and  He-implanted  membranes  to 
slow  discharge-fast  electrochemical  desorption,  as  in¬ 
dicated  by  an  increase  in  dn/d  In  i„,  Fig.  5  (17,  20). 

For  Pt-implanted  Fe,  as  modified  by  the  20  sec  acid 
immersion  the  Tafel  slope  is  —122  ±  5  mV  and 
dn/3  In  i.  =  -255  n  5  mV,  and  the  steady-state  per¬ 
meation  varies  linearly  through  the  origin  with  the 
square  root  of  the  charging  current  density.  Thus,  it 
is  concluded  that  the  mechanism  of  hydrogen  evolu¬ 
tion  for  Pt-implanted  Fe  is  also  coupled  discharge- 
chemical  desorption  in  both  the  0.1N  NaOH  and  0.1N 
H2SO,  solutions  within  the  overpotential  range  studied. 
The  Tafel  slope  reported  in  the  literature  for  hydro¬ 
gen  evolution  on  Pt  surfaces  is  in  two  different  ranges, 
either  —110  to  —130  mV  in  NaOH  solutions  (27-30) 
or  about  —30  mV  in  H2S04  solutions  (29)  for  ultra- 
clean  systems.  Tafel  slopes  greater  than  —30  mV  in 
H2SO4  have,  however,  been  observed  in  the  presence 
of  impurities  (31). 

Conclusions 

Implantation  by  the  ion  beam  technique  can  be  used 
to  reduce  hydrogen  entry  into  iron.  This  was  shown 
using  the  (model)  system  of  Pt  implanted  into  Fe.  Pt 
is  known  to  greatly  reduce  hydrogen  entry  into  iron 
via  a  catalytic  effect  of  the  hydrogen  evolution  reac¬ 
tion  when  the  Pt  is  present  on  the  surface  (4).  The 
effectiveness  of  implanted  Pt  was  greatly  increased  by 
controlled  selective  dissolution  of  iron  which  increased 
the  surface  concentration  of  Pt  There  are  no  sig¬ 
nificant  differences  in  the  permeation  behavior  of  un¬ 
implanted  and  He-  or  Fe-implanted  Fe  specimens. 

The  experimentally  observed  Tafel  slope,  the  per¬ 
meation-charging  potential  relationship,  and  the  per¬ 
meation-charging  current  relationship  indicate  a 
coupled  discharge-recombination  mechanism  of  hy¬ 
drogen  evolution  on  Fe-,  He-,  or  Pt-implanted  Fe  sur¬ 
faces  in  0.1N  NaOH  or  0.1N  HsSO«  charging  solutions. 
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INTRODUCTION 

AISI  52100  alloy  is  one  of  the  most  widely  used  bearing  alloys  in  Navy  systems.  It 
is  a  through-hardened  martensitic  steel  possessing  high  hardness  and  good  wear 
resistance.  Its  elemental  composition  is  given  below. 

52100  Tool  Steel  Composition  (96  by  Wt) 


c 

0.96 

Mn 

0.36 

Si 

0.22 

P 

0.01 

S 

.012 

Cr 

1.36 

Fe 

rema 

There  is  a  widespread  bearing  corrosion  problem  in  Navy  aircraft  propulsion 
systems.  It  is  found  in  all  engines,  independent  of  the  bearing  alloy  used,  and  is 
common  to  engines  in  intermittent  service  and  various  types  of  storage.  The  rejection 
rate  of  used  bearings  is  30%-50%  and  is  a  major  reason  for  rejection  at  the  NARF's. 
The  corrosion  is  typified  by  localized  pitting  along  the  contact  region  between  the 
rollers  and  races.  The  corrosion  pits  may  act  as  initiation  sites  for  fatigue  spalling 
which  can  lead  to  catastrophic  engine  failure.  Another  serious  field  problem  is  that 
replacement  bearings  have  a  short  shelf  life  and  must  be  reworked  every  90  days,  such 
that  a  majority  of  the  bearings  reconditioned  at  Naval  Air  Rework  Facilities  (NARF's) 
are  recycled  bearings  from  the  shelf,  not  bearings  to  be  reworked  from  used  aircraft 
engines. 

Preliminary  6.1  work  at  NRL  showed  that  the  corrosion  resistance  of  52100  could 
be  significantly  improved  by  the  implantation  of  Cr.  The  following  describes  the 
NAVAIR  funded  program  for  the  development  of  anticorrosion  ion  implantation 
treatments  for  52100  bearing  surfaces. 


SAMPLE  PREPARATION,  IMPLANTATION  TREATMENTS,  AND  CORROSION  TESTS 

Numerous  corrosion  tests  were  deemed  necessary  to  ascertain  if  changes  in 
corrosion  resistance  occured  as  a  result  of  ion  implantation.  To  conduct  these  tests  in 
actual  bearings  would  have  been  expensive  and  time  consuming.  Therefore,  small 
samples  were  prepared  from  3/8"  diameter  AISI  52100  rods  so  that  electrochemical 
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polarization  tests  could  be  conducted  on  surfaces  of  about  1  cm  in  area.  Flats  (1/8"  to 
1/4"  tall)  were  cut  from  the  rod  by  means  of  a  water  cooled  SiC  cut-off  wheel  and 
polished  to  a  mirror  finish  with  diamond  paste  (1  p  m).  Alumina  polishing  was  initially 
used  but  was  replaced  with  the  diamond  polish  because  numerous  alumina  inclusions 
remained  in  the  polished  surfaces. 

Implantation  Conditions 


Ion 

Fluence 

(xlO!7/cm2) 

Energy 

(KeV) 

Cr 

2.0 

150 

Cr+ 

2.0 

150 

Mo 

0.35 

100 

Cr+ 

2.0 

150 

P 

0.5 

40 

Ta 

1.0 

150 

Mo 

0.5 

100 

The  choice  of  implanted  ions  was  determined  by  the  well  known  corrosion 
behavior  of  the  ions  in  bulk  materials,  viz.,  (i)  Chromium  produces  stainless  steel  when 
added  to  iron  based  alloys  in  concentrations  greater  than  12%,  (ii)  Mo  is  known  to 
improve  pitting  resistance  in  steels,  (iii)  Ta  forms  stable  corrosion  resistant  oxides,  and 
(iv)  P  and  Ta  stabalize  an  amorphous  phase  when  alloyed  with  iron. 

It  has  been  well  established  that  measurements  of  the  pitting  potential  by 
electrochemical  polarization  in  chlorine-contaminated  solutions  gives  a  measure  of  the 
pitting  resistance  of  an  alloy.  Before  presenting  polarization  curves,  a  brief  review  of 
the  physical  processes  occuring  at  a  corroding  surface  is  given  using  the  oversimplified 
schematic  in  Figure  1. 

Corrosion  consists  of  metal  being  consumed  either  by  dissolution  or  by  oxidation 
at  the  metal  surface.  The  metal  dissolves  as  a  cation  at  an  anodic  site  and  charge 
neutrality  is  maintained  by  the  reduction  of  hydrogen  at  a  cathodic  site  on  the  metal 
surface  where  hydrogen  gas  is  evolved.  Almost  all  corrosion  problems  encountered  in 
practice  involve  this  reaction.  This  picture  immediately  suggests  that  we  can  prevent 
corrosion  by  inhibiting  either  the  anodic  or  cathodic  process.  For  example,  cathodic 
protection  consists  of  placing  the  metal  at  about  -1  Volt  with  respect  to  ground  so  that 
electrons  are  furnished  to  the  metal  surface  from  an  external  circuit,  instead  of  from 
dissolving  metal  ions.  In  addition,  implantation  of  an  elemental  species  (such  as  Pb) 
which  poisons  the  cathodic  reaction  has  been  shown  to  greatly  reduce  the  corrosion  rate 
of  iron. 

More  commonly,  corrosion  resistance  is  the  result  of  the  anodic  process  being 
inhibited  by  the  formation  of  an  insoluble  oxide  film  on  the  surface  which  inhibits  metal 
cation  transport,  electronic  charge  transport,  or  both  through  the  passive  film.  As  long 
as  the  oxide  film  is  stable  in  the  solution,  the  surface  is  said  to  be  passivated.  Chlorine 
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polarization  tests  could  be  conducted  on  surfaces  of  about  1  cm^  in  area.  Flats  (1/8"  to 
1/4"  tall)  were  cut  from  the  rod  by  means  of  a  water  cooled  SiC  cut-off  wheel  and 
polished  to  a  mirror  finish  with  diamond  paste  (1  y  m).  Alumina  polishing  was  initially 
used  but  was  replaced  with  the  diamond  polish  because  numerous  alumina  inclusions 
remained  in  the  polished  surfaces. 

Implantation  Conditions 


Ion 

Fluence 

(xl017/cm2) 

Energy 

(KeV) 

Cr 

2.0 

150 

Cr+ 

2.0 

150 

Mo 

0.35 

100 

Cr+ 

2.0 

150 

P 

0.5 

40 

Ta 

1.0 

150 

Mo 

0.5 

100 

The  choice  of  implanted  ions  was  determined  by  the  well  known  corrosion 
behavior  of  the  ions  in  bulk  materials,  viz.,  (i)  Chromium  produces  stainless  steel  when 
added  to  iron  based  alloys  in  concentrations  greater  than  12%,  (ii)  Mo  is  known  to 
improve  pitting  resistance  in  steels,  (iii)  Ta  forms  stable  corrosion  resistant  oxides,  and 
(iv)  P  and  Ta  stabalize  an  amorphous  phase  when  alloyed  with  iron. 

It  has  been  well  established  that  measurements  of  the  pitting  potential  by 
electrochemical  polarization  in  chlorine-contaminated  solutions  gives  a  measure  of  the 
pitting  resistance  of  an  alloy.  Before  presenting  polarization  curves,  a  brief  review  of 
the  physical  processes  occuring  at  a  corroding  surface  is  given  using  the  oversimplified 
schematic  in  Figure  1. 

Corrosion  consists  of  metal  being  consumed  either  by  dissolution  or  by  oxidation 
at  the  metal  surface.  The  metal  dissolves  as  a  cation  at  an  anodic  site  and  charge 
neutrality  is  maintained  by  the  reduction  of  hydrogen  at  a  cathodic  site  on  the  metal 
surface  where  hydrogen  gas  is  evolved.  Almost  all  corrosion  problems  encountered  in 
practice  involve  this  reaction.  This  picture  immediately  suggests  that  we  can  prevent 
corrosion  by  inhibiting  either  the  anodic  or  cathodic  process.  For  example,  cathodic 
protection  consists  of  placing  the  metal  at  about  -1  Volt  with  respect  to  ground  so  that 
electrons  are  furnished  to  the  metal  surface  from  an  external  circuit,  instead  of  from 
dissolving  metal  ions.  In  addition,  implantation  of  an  elemental  species  (such  as  Pb) 
which  poisons  the  cathodic  reaction  has  been  shown  to  greatly  reduce  the  corrosion  rate 
of  iron. 

More  commonly,  corrosion  resistance  is  the  result  of  the  anodic  process  being 
inhibited  by  the  formation  of  an  insoluble  oxide  film  on  the  surface  which  inhibits  metal 
cation  transport,  electronic  charge  transport,  or  both  through  the  passive  film.  As  long 
as  the  oxide  film  is  stable  in  the  solution,  the  surface  is  said  to  be  passivated.  Chlorine 


ions  in  solution  cause  the  passive  film  to  breakdown  locally  forming  deep  pits  at  random 
points  on  the  surface  in  a  way  which  is  poorly  understood. 

The  polarization  curve  is  an  experimental  means  of  isolating  the  anodic  and 
cathodic  processes  occuring  microscopically  between  groups  of  atoms  on  a  corroding 
surface.  Just  as  in  cathodic  protection,  if  a  negative  voltage  is  applied  to  the  sample, 
the  anodic  processes  are  stopped  because  electrons  are  supplied  by  the  external  circuit 
and  cathodic  processes  are  examined  in  detail.  Conversely,  a  positive  voltage  disables 
the  cathodic  processes  as  electrons  are  consumed  by  the  external  circuit  and  the  anodic 
processes  where  metal  ions  go  into  solution  proceed  at  their  own  rate. 

One  final  point  regarding  Figure  1  is  that  the  microstructure  can  play  an 
important  role  in  the  corrosion  process  both  in  the  bulk  material  and  in  the  film  that 
forms.  Two  phase  alloys  will  set  up  galvanic  couples  between  differing  regions  of 
elemental  composition  resulting  in  anodic  dissolution  of  one  of  the  phases.  Carbides 
and  grain  boundaries  are  always  very  effective  cathodes,  and  surface  roughness  can 
alter  the  activity  of  a  surface  by  altering  the  number  of  chemically  active  sites.  Also, 
if  a  surface  is  truly  amorphous,  it  might  be  expected  that  with  no  phase  boundaries  or 
grain  boundaries  that  the  corrosion  resistance  would  be  very  good. 

The  chloride  ion  tests  presented  here  were  in  a  pH6,  0.01  Molar  NaCl,  buffered 
solution.  The  buffer  ensured  that  the  pH  was  constant  throughout  the  measurements. 
The  salient  points  of  these  measurements  are  illustrated  in  the  idealized  curves  in 
Figure  2.  The  solid  line  in  the  upper  portion  of  the  figure  represents  the 
potentiodynamic  scan  (1  mV/s)  that  is  obtained  with  no  Cl  ions  added  to  the  solution. 
From  open  circuit  voltage  (i.e.,  the  sample  potential  with  respect  to  a  standard 
electrode  with  no  externally  applied  potential),  the  potential  is  scanned  in  the  positive 
direction  producing  a  constant  but  small  current  flow.  In  this  region,  the  rate  of  metal 
dissolution  is  very  low  and  the  metal  is  said  to  be  passivated.  At  higher  potentials  the 
sharp  rise  in  current  is  caused  by  pitting  or  transpassive  behavior,  the  latter  not  being 
important  to  this  discussion.  Adding  chloride  ions  produces  the  dashed  curve.  The  Cl 
ions  locally  attack  the  passive  film  producing  pits  where  metal  ions  are  actively 
dissolving  and  causing  increased  current  flow.  The  breakdown  potential 
characterizes  the  metals'  ability  to  withstand  pitting  attack.  The  bottom  portion  of  the 
figure  demonstrates  the  desired  result  of  surface  treatment  (e.g.,  to  drive  the 
breakdown  potential  back  toward  more  positive  values).  The  difference  in  breakdown 
potentials  for  implanted  versus  unimplanted  samples  is  a  measurement  of  the  pitting 
behavior  of  metals. 


POTENTIODYNAMIC  POLARIZATION  MEASUREMENTS 

The  52100  samples  were  mounted  on  an  epoxy  mount,  and  were 
potentiodynamieally  scanned  in  the  anodic  direction  in  a  0.01M  buffered  (pH  =  6)  NaCl 
solution.  The  scan  rate  used  was  1  mV/sec.  One  set  of  ion  implanted  samples  were 
potentiodynamieally  scanned  following  immersion,  while  another  set  was  cathodically 
charged  to  remove  the  preexisting  air-formed  film.  Ta  and  Cr+P  implantations  were 
carried  out  to  promote  amorphicity  in  the  surface  alloy  and,  therefore,  to  improve 
pitting  resistance  by  removing  surface  imperfections  such  as  grain  boundaries.  Cr+Mo 
was  implanted  together  following  successful  results  obtained  with  M5t  bearing  steel.  In 
this  case  the  synergistic  behavior  of  Cr  and  Mo  found  in  conventionally  alloyed  steels 
was  being  exploited. 
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Fig.  2  —  Idealized  potentiodynamic  polarization  scans  (current  versus  voltage 
characteristic)  for  a  ferrous  alloy  in  a  buffered  pH6  solution  at  room  temper¬ 
ature.  The  upper  set  of  curves  demonstrate  the  effect  of  adding  Cl'  ions  to  the 
solution.  Eb  defines  the  pitting  potential  where  a  sharp  increase  in  current  re¬ 
sults  when  pits  form  on  the  surface.  The  lower  set  of  curves  demonstrate  the 
desired  result  of  ion  implantation,  i.e.,  force  the  pitting  potential  toward  higher 
values. 


Table  1  summarizes  the  pitting  data  of  the  ion  implanted  52100  steel.  Figs.  3  and 
4  show  the  actual  potential  versus  Log  Current  Density  plots  for  the  samples  analyzed. 
The  rank  order  of  resistance  to  pitting  for  the  implantation  treatments  are  as  follows: 

WITH  CATHODIC  TREATMENT  52100  <  Mo<  Cr <  Cr+Mo<  Cr+P<Ta 

WITHOUT  CATHODIC  TREATMENT  52100<Cr*<Cr+Mo<Mo<Cr+P<Ta. 

*{It  should  be  noted  that  the  early  breakdown  of  Cr  52100  shown  in  Fig.  4  was  the  result 
of  crevice  corrosion  between  the  sample  and  the  epoxy  mount.} 

The  benefit  of  not  removing  the  air-formed  film  prior  to  analysis,  is  that  the  breakdown 
potential  measured  is  more  accurately  reflecting  the  behavior  of  the  bearing  in 
practice.  During  operation  the  bearing  will  undoubtedly  form  relatively  higher 
temperature  oxide  films  which  will  tend  to  be  richer  in  the  passivations  which  have 
been  added  by  ion  implantation.  Hence,  it  is  to  be  expected  that  the  oxide  films  formed 
during  operation  will  promote  even  greater  passivity. 

Ta  produced  the  best  improvement  in  pitting  potential,  and  deserves  a  more  in- 
depth  analysis  of  the  surface  alloy  and  passive  film  structure,  in  order  to  evaluate  the 
possibility  of  improving  the  corrosion  resistance  further,  by  modifying  the  implantation 
parameters.  It  is  tempting  to  attribute  the  large  improvements  in  the  pitting  potential 
of  Cr+P  and  Ta  implanted  samples  to  the  creation  of  amorphous  surface  layer  similar  to 
those  produced  by  P  and  Ta  implantation  into  Fe.  This  hypothesis  awaits  further 
mierostructural  characterization  which  is  now  in  progress. 

Auger  depth  profiles  of  unimplanted  samples  as  well  as  Cr-,  Cr+P-,  and  Ta- 
implanted  samples  are  presented  respectively  in  Figs.  5,  6,  7,  and  8.  These  depth 
concentration  profiles  are  obtained  by  monitoring  the  intensity  of  the  Auger  electron 
transition  signal  for  a  particular  element  of  interest  while  sputter  etching  away  the 
surface  with  a  2  keV  beam  of  argon  ions.  The  amount  of  material  sputter  eroded  is 
assumed  proportional  to  the  sputtering  time  and  represents  a  depth  scale.  The  depth 
scale  can  be  calibrated  by  measuring  the  crater  depth  at  the  end  of  the  measurement  or 
by  using  a  more  depth-sensitive  technique  such  as  nuclear  reaction  profiling  done  at 
NRL.  For  example,  the  Cr  distribution  of  Cr  implanted  52]  00  (Fig.  6)  is  similar  to  that 
obtained  by  the  nuclear  reaction  analysis  technique  at  NRL.  The  combination  of  these 
techniques  provides  high  sensitivity  as  well  as  good  depth  resolution. 

The  profiles  obtained  in  these  ways  allow  the  determination  of  the  implanted 
species  concentration  for  different  implantation  parameters  (i.e.,  dose  and  energy)  such 
that  optimal  anticorrosion  conditions  can  be  selected. 


SIMULATION  TESTS 

The  tests  used  herein  for  simulating  the  corrosion  mechanism  which  occurs  in  gas 
turbine  engines  was  based  on  the  findings  of  the  test  method  developed  by  Brown  and 
Feinberg  at  NSRDC.  They  found  that  in  a  gas  turbine  engine  bearing  compartment;  (a) 
corrosion  usually  occurred  statistically  (i.e.,  bearing  not  running)  at  the  conjunction  of 
the  bearing  rolling  element  and  the  race,  (b)  the  lubricant  in  the  form  of  a  miniscus  was 
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Fig.  3  —  Anodic  polarization  curves  of  implanted  52100  bearing  steel  in  0.01  M  NaCl 
solution  buffered  at  pH  6  with  cathodic  pretreatment 
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Fig.  4  —  Anodic  polarization  curves  of  implanted  52100  bearing  steel  in  0.01  M  NaCl 
solution  buffered  at  pH  6  without  cathodic  pretreatment 
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Fig.  5  —  Auger  depth  profile  of  Fe,  Cr,  O  in  unimplanted  52100  bearing  steel 
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Fig.  6  —  Auger  depth  profile  of  Fe,  Cr,  O  in  Cr  implanted  52100  bearing  steel 


156 


PEAK-TO-PEAK  HEIGHT  (Arb.  Units) 


PEAK-TD-PEAK  (Arb.  Units) 


Fig.  8  —  Auger  depth  profile  of  Fe,  Cr,  O  and  Ta  in  Ta  implanted  52100  bearing  steel 
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present  at  the  corrosion  site  and  (c)  the  lubricant  showed  typ;cal  contamination  levels 
of  3  ppm  (wt)  of  chloride  and  600  ppm  of  water. 


Figure  9  shows  the  arrangement  of  the  simulated  geometry  corrosion  test.  The 
cylindrical  surface  resting  on  the  flat  side  of  the  upright  cylinder  is  intended  to 
simulate  the  roller  on  race  contact  geometry  of  an  actual  bearing.  The  cylinders  are 
.0095m  (3/8")  diameter  52100  rods.  The  flats  (about  .006m  tall)  are  cut  from  the  rod 
and  consecutively  polished  down  to  a  mirror  finish  with  a  final  (3  p  m)  diamond  paste. 
The  cylinders  were  positioned  in  place  and  totally  immersed  for  2  hours  in  a 
contaminated  neopentyl  polyolester  gas  turbine  engine  lubricant  conforming  to 
specification  MIL-L-23699.  The  oil  was  contaminated  by  adding  three  ppm  (wt)  of 
chlorides  as  ASTM  DD665  synthetic  seawater  to  oil  and  then  adjusting  the  water 
content  to  a  level  of  600  ppm  (wt.)  by  the  addition  of  distilled  water.  The  two  parts 
were  then  removed  from  the  oil  and  allowed  to  drip  dry.  A  miniscus  of  contaminated 
oil  was  retained  between  the  two  parts  as  shown  in  Figure  9.  This  system  was  then 
exposed  to  alternate  cycles  of  moist  air  at  60°C  (8  hours)  and  4°C  (16  hours)  for  a 
period  of  several  weeks  to  simulate  an  engine  during  intermittent  use. 

In  almost  all  cases  the  control  specimens  showed  severe  generalized  corrosion  in 
this  test  which  tended  to  obscure  the  localized  (pitting)  corrosion.  This  is  in  contrast  to 
tests  made  on  M50  bearing  alloy  which  contains  more  chromium  and  has  a  significantly 
higher  resistance  to  corrosion  than  52100.  Figures  10  and  11  shows  optical  photographs 
(70x  magnification)  of  the  corrosion  inhibiting  effectiveness  of  an  implantation  of  a  Cr 
and  a  Cr+Mo  implantation  after  a  4  week  test  (Fig.  10)  as  compared  to  an  unimplanted 
control  specimens  (Fig.  11).  It  can  be  observed  that  the  implanted  52100  samples  all 
showed  a  dramatic  improvement  in  corrosion  resistance  in  this  test  simulating  field 
service  conditions. 


ION  BEAM  INTERMIXING  (INTEGRATED  COATINGS) 

Recently,  it  has  been  shown  that  it  is  possible  to  intermix  a  vacuum  deposited 
layer  of  metal  with  its  underlying  substrate  by  means  of  passing  an  energetic  beam  of 
ions  through  the  layer  into  the  substrate.  This  process  may  represent  an  alternative  to 
direct  high-dose  implantation.  For  example,  it  may  be  possible  to  evaporate  1-2 
microinches  (25-50  mm)  of  Cr  on  52100  and  integrate  it  into  the  substrate  by  another 
suitable  beam  and  enhance  the  corrosion  resistance  without  encountering  any  adhesion 
properties  that  many  coatings  have. 

Preliminary  studies  have  already  been  carried  out  to  evaluate  the  use  of  ion 
intermixing  to  produce  highly  corrosion  resistant  surface  alloys  on  52100  steel.  Anodic 
polarization  curves  of  Cr  vapor  deposited  film  on  52100,  and  Cr  intermixed  with  52100 
(Xe*-Cr,  398  KeV,  3  x  10lb  ions  cm~z)  are  presented  in  Fig.  12.  The  data  is  also 
summarized  in  Table  2.  One  would  expect  vapor  deposited  Cr  to  behave  as  Cr  metal, 
however,  in  this  case  Cr  vapor  deposited  52100  had  a  lower  breakdown  potential.  The 
Cr  metal  only  brokedown  in  the  transpassive  region.  In  examining  the  surface  of  the 
vapor  deposited  surface  pits  were  observed.  This  was  found  to  result  from  ultrasonic 
cleaning  of  the  bearings  prior  to  deposition.  In  the  cleaning  process  cavitation  erosion 
produced  the  pits,  which  later  became  imperfectly  coated  with  Cr,  which  in  turn  led  to 
localized  corrosion.  This  result  is  surprising  since  bearings  are  generally  very  resistant 
to  cavitation  erosion. 


1.  Test  pieces  (  52100  alloy  steel)  were  placed  in  contact 
as  indicated  by  the  dotted  line. 


FLAT  SURFACE 


2.  Both  pieces  in  place  were  immersed  in  chloride-contaminated 
oil  for  2  hrs.,  removed,  and  allowed  to  dry. 

3.  A  meniscus  of  contaminated  oil  was  retained  between  the 
two  parts: 


Fig.  9  —  Schematic  of  field  service  simulation  test  for  pitting  corrosion 
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Fig.  10  —  Optical  micrographs  (70X)  of  the  surfaces  of  52100  steel  polished  flats  after  4  weeks 
exposure  to  the  corrosion  test  outlined  in  Fig.  9.  The  two  upper  samples  were  implanted  with 
Cr+Mo  and  the  two  lower  samples  with  Cr.  Note  the  good  resistance  to  general  corrosion  when 
compared  to  two  unimplanted  control  samples  shown  in  Fig.  11. 
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Fig.  11  —  Optical  micrographs  (70X)  of  the  sur¬ 
faces  of  two  52100  steel  flats  after  4  weeks  ex¬ 
posure  to  the  corrosion  test  outlined  in  Fig.  14. 
Note  the  high  degree  of  general  corrosion  on 
these  ummplanted  samples  as  compared  to  the 
Cr-  and  Cr+Mo-implanted  samples  in  Fig.  10. 
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Fig.  12  —  Anodic  polarization  curves  of  Cr  metal,  125  A  Cr!  vapor  deposit  film  on 
521 00  and  Cr!  intermix  with  52100  bearing  steel  in  0.01  M  NaCl  solution  buffered 
at  pH  6  with  cathodic  pretreatment 


This  preliminary  experiment  showed  that  under  the  conditions  usqd  for 
intermixing,  and  with  the  current  imperfections  in  the  Cr  film,  the  pitting  resistance  of 
the  intermixed  alloy  was  comparable  to  a  high  dose  Cr  implantation.  Auger  depth 
profiles  for  Cr,  Fe,  and  O  for  the  Cr-vapor  deposited  and  the  intermixed  Cr 
(Xe-*.Cr/52100)  samples  have  been  measured.  The  mixing  effect  is  more  readily  seen  by 
comparing  Figs.  13  and  14.  The  relatively  abrupt  interface  of  the  vapor  deposited 
coating  at  Fig.  13  gives  way  to  a  smooth  interfacial  transition  in  Cr  content  in  the  case 
of  the  Xe  implanted  sample  of  Fig.  14.  Furthur  studies  of  this  promising  technique  are 
underway. 
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Fig.  13  —  Auger  depth  concentration  profile  of  Fe  and  Cr  in  Cr  vapor  deposit  on  52100  bearing  steel 


Fig.  14  —  Auger  depth  concentration  profile  of  Fe  and  Cr  in  Cr  intermix  with  52100  bearing  steel 
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Single  crystal  silicon  has  been  implanted  with  nitrogen  and  phosphorus  ions  at  MeV  energies  to  fluences  between  Id1"  and 
16  x  l()"*  ions/cm2.  Infrared  transmission  and  reflection  spectra  in  the  range  of  1,25  to  40  pm  were  measured  for  as- 
implanted  samples  and  after  various  annealing  treatments.  Interference  fringes  were  observed  in  the  IR  spectra  which  arc 
produced  by  the  interference  of  light  which  has  been  multiply  reflected  between  the  front  surface  and  the  buried  layers 
By  detailed  theoretical  analyses  of  the  interference  fringe  structure,  we  obtained  refractive  index  profiles,  which,  under 
suitable  interpretation,  provide  accurate  measurements  and  several  quantities  of  interest.  These  quantities  are  the  range 
and  straggling  of  the  implanted  ions,  the  depth  of  disordered  layers,  and  the  width  of  the  order-disorder  transition. 
Mechanisms  for  the  refractive  index  changes  which  have  been  identified  include  amorphization  of  the  implanted  silicon, 
bulk  compositional  change  in  the  buried  layer,  localized  vibrational  mode  dispersion,  and  free  electron  dispersion. 
Experimental  results  and  theoretical  predictions  are  presented,  demonstrating  each  of  these  mechanisms 


INTRODUCTION 

The  face  of  single  crystal  silicon  slices  have  been 
implanted  with  nitrogen  ions  at  energies  of  1.4, 
1.5,  and\  3.2  MeV  and  for  fluences  between  0.25 
and  1.55  x  1018  ions/cm2.  During  implantation 
the  substrates  were  held  at  a  temperature  of  700°C. 
Interference  fringes  were  observed  in  the  infrared 
transmission  and  reflection  spectra  which  are 
produced  by  the  interference  of  light  multiply 
reflected  between  the  front  surface  and  the  buried 
implanted  layers.  By  using  a  multilayer  thin-film 
interference  computer  code  to  analyze  the  inter¬ 
ference  fringes,  refractive  index  profiles  are  ob¬ 
tained  which  can  be  directly  related  to  the  projected 
range  and  straggling  of  the  implanted  nitrogen. 
Dispersive  effects  due  to  localized  vibrational 
modes  of  silicon  nitride  formed  in  the  buried  layer 
are  also  included  in  the  analysis. 


t  Work  supported  in  part  by  U  S  Air  Eorce  Materials 
Laboratory  and  the  Navy  Material  Command 


Implantation  of  the  (111)  faces  of  single  crys¬ 
tal  silicon  were  also  made  with  2.7  MeV  phos¬ 
phorus  ions  to  fluences  between  10"’  and 
101 7  ions/cm2  with  the  substrate  temperature 
maintained  at  —  78°C.  Analysis  of  the  interference 
fringes  from  these  samples  gave  measurements  of 
the  refractive  index  of  amorphous  silicon,  the 
thickness  of  the  amorphous  layer,  and  the  width 
of  the  amorphous  to  crystalline  transition.  After 
annealing  a  prominent  interference  fringe  pattern 
arises  at  low  frequencies.  A  theoretical  prediction 
of  these  interference  fringes  was  obtained  by 
assuming  that  the  activated  phosphorus  donor 
electrons  interact  with  the  light  as  a  damped,  free- 
elect  ron  plasma. 

Implantations  were  made  using  NRL  5-MV 
Van  de  Graff  accelerator.  Nitrogen  implanted 
samples  were  heated  by  the  5  watts  of  power  of  the 
ion  beam  and  maintained  at  700  C  by  varying  the 
configuration  of  heat  shielding  surrounding  the 
sample  and  by  varying  the  beam  current.  Phos¬ 
phorus  implanted  samples  were  heat  sunk  with  a 
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thin  layer  of  vacuum  grease  to  a  brass  holder  that 
was  maintained  at  a  temperature  of  -78°C.  The 
ion  beams  were  raster  scanned  to  ensure  uniform 
implants  over  a  0.5  cm2  area.  The  silicon  slices 
were  0.38  mm  thick  and  had  a  resistivity  of  10  fi-cm 
for  the  nitrogen  implants,  and  0.25  mm  thick  and 
<  1000  Q-cm  for  the  phosphorus  implants. 

NITROGEN  IMPLANTATION  SILICON 

A  number  of  authors1  5  have  reported  on  the 
formation  of  silicon  nitride  by  the  implantation  of 
nitrogen  into  silicon.  These  implants  were  with 
beam  energies  of  <  280  keV,  usually  at  room 
temperature,  and  subsequent  annealing  was  used  to 
promote  silicon  nitride  formation.  Although  several 
different  methods  were  used  to  study  the  resulting 
silicon  nitride  layers,  the  most  direct  indicator  was 
the  formation  of  an  absorption  band  in  the  infrared 
at  about  900  cm"1.  In  the  present  work,  ions  of 
MeV  energies  were  used  to  produce  deeper, 
thicker  layers  and  the  implant  was  made  with  the 
sample  hot  to  encourage  the  immediate  formation 
of  silicon  nitride. 

Figure  I  shows  the  transmission  spectrum  for  a 
sample  implanted  to  a  fluence  of  1.25  x  1018 
ions  cm2  at  an  energy  of  1.5  MeV  and  the  same 
spectrum  for  an  unimplanted  sample.  Note  that 
there  is  a  strong  absorption  band  near  900  cm 
which  indicates  that  some  silicon  nitride  formation 
has  occurred,  and  that  at  higher  wave  numbers 
there  are  very  prominent  interference  fringes. 

Analysis  of  Non- Dispersive  Region 

Others  have  also  noted  interference  fringes  re¬ 
sulting  from  ion  implantation.  In  particular 
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FIGURE  I  Infrared  transmission  spectrum  of  silicon  sample 
implanted  with  I  25  <  10'"  N  cm;  at  I  5  MeV.  and  comparison 
spectrum  for  an  ummplanted  sample 


Crowder  et  al.  used  the  spacing  between  fringes  to 
determine  depths  of  disordered  silicon  layers 
produced  by  low  energy  implantation.*'  Kachare 
et  al.  obtained  interference  fringes  for  GaAs  and 
GaP  implanted  with  nitrogen  and  phosphorus’ 
and  measured  the  refractive  index  of  the  disordered 
layers  as  well  as  the  thickness  by  fitting  the  data  to 
a  thin-film  interference  model.  Hubler  et  al.  have 
studied  the  N,  Si,  and  P  implants  in  Si.8,y 

The  interference  fringes  of  Figure  I  are  not  due 
to  a  disordered  surface  layer  because  the  high 
temperature  during  the  implantation  maintained 
the  crystalline  structure,  but  instead  are  due  to  a 
buried  layer  with  an  index  of  refraction,  n,  less  than 
that  of  silicon.  To  model  the  buried  layer,  the 
assumption  was  made  that  the  refractive  index 
profile  has  a  gaussian  shape  to  match  that  of  the 
implanted  nitrogen  ions.  To  permit  calculation  of 
the  fringes  with  a  multilayer  thin-film  method, 
this  region  was  approximated  by  dividing  it  into  80 
uniform-property  layers,  each  with  an  index  of 
refraction  given  by  a  point  on  a  gaussian  curve.  A 
computer  code  to  calculate  transmission  (7  )  and 
reflection  (R)  for  this  model  was  written  using  'he 
thin-film  equations  of  Heavens.10  For  the  n>  ,i- 
dispersive  region  the  absorption  may  be  neglected 
(e.g.  extinction  coefficient  k  =  0).  Thus  the  only 
variable  parameters  are  the  projected  range.  Rr. 
standard  deviation  of  the  projected  range.  ARr. 
and  the  decrease  in  the  refractive  index  at  the  peak 
of  the  gaussian.  Fitting  of  data  was  made  by  varying 
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FIGURE  2  Reflection  spectrum  lor  same  sample  as  in  I  ifiine 
1  with  calculated  til  superimposed  (smooth  curse  I  The  nisei  i 
shows  index  of  refraction  profile  to  yield  l his  til 
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these  three  parameters  by  means  of  a  non-linear 
least -squares  method. 

The  quality  of  fits  that  can  be  obtained  is 
illustrated  in  Figure  2  for  a  sample  which  had  the 
back  surface  lapped  to  eliminate  rear  surface 
reflections  and  had  been  annealed  at  1000°C  for 
one  hour  in  a  partial  pressure  of  oxygen  and  stripped 
in  HF.  The  data  were  fitted  by  the  refractive  index 
profile  shown  in  the  insert  for  a  refractive  index 
minimum  n  =  2.1  at  Rp  =  1.72  ^m  and  A Rp  = 
0.1 1  pm. 

Similar  fits  for  the  transmission  spectra  of  several 
samples  are  given  in  Figure  3.  Note  that  the  ampli¬ 
tude  of  the  fringes  increases  with  fluence,  and  that. 
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FIGURE  3  Transmission  for  six  samples  varying  fluence  and 
energy  with  superimposed  tits  (smooth  curves). 
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as  expected,  the  spacing  between  fringes  decreases 
as  the  depth  of  the  layer  increases. 

These  fits  give  a  precise  measurement  of  the 
projected  ranges  of  the  implanted  nitrogen  and  the 
values  obtained  are  about  40 °„  below  the  values 
given  in  the  tabulation  by  Gibbons  et  al ."  A 
measurement  of  projected  range  for  one  sample 
using  Rutherford  backscattering  gave  a  result  in 
good  agreement  with  the  optical  method. 

Analysis  of  Dispersive  Region 

At  wave  numbers  less  than  about  1500  cm1.  the 
periodicity  of  the  interference  fringes  in  Figure  1 
becomes  irregular  indicating  that  the  dispersive 
effects  of  the  silicon  nitride  are  no  longer  negligible. 
Therefore,  to  be  able  to  use  the  thin-film  inter¬ 
ference  code,  the  optical  constants  n  and  k  must  be 
computed  from  classical  dispersion  theory.  We 
assume  for  the  buried  layer  a  collection  of  damped 
oscillators,  the  oscillator  being  the  silicon-nitrogen 
molecule.  The  necessary  quantities  to  calculate 
are  the  conductivity,  <x.  and  dielectric  susceptibility, 
a,  which  are  given  as  a  function  of  frequency,  v, 
by  Seitz.12  The  frequency  dependent  dielectric 
constant  is  given  by  e  =  v0  +  4ttx  where  i:0  is  the 
high  frequency  dielectric  constant.  By  using  the 
expressions,  n2  -  k2  =  r.  and  nk  =  a  v.  n  and  k 
are  computed  for  each  layer  in  the  gaussian  profile 
approximation  — it  is  assumed  that  the  concentra¬ 
tion  of  oscillators  follows  the  gaussian  nitrogen  ion 
concentration. 

Three  parameters  for  each  resonance  were 
varied  to  give  fits  to  the  data.  These  are  the  resonant 
frequency,  v,  the  damping  constant,  y.  and  the 
oscillator  strength,  p  (proportional  to  the  number 
of  active  oscillators  per  unit  volume).  An  example 


FIGURE  4  Reflectance  spectrum  (line)  lor  same  sample  as 
in  Figure  2  including  the  dispersive  region  The  circles  arc 
calculated  r  allies  using  classical  dispersion  theory 
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of  this  kind  of  calculation  is  shown  in  Figure  4. 
Two  oscillator  frequencies  were  required  to  give  a 
reasonable  fit  to  the  reflection  data  in  the  region 
around  900  cm  l.  The  parameters  for  oscillators 
1  and  2  were  v,  =  850  cm  v2  =  9(X)  cm 
Vi  =  y2  =  0.20  and  p,  =  p2  -  0.22. 


PHOSPHORUS  IMPLANTATION  OF 
SILICON 

The  IR  reflectance  from  a  silicon  sample  implanted 
under  conditions  stated  previously  is  presented  in 
Figure  5.  This  sample  was  also  coarse  lapped  on  the 
rear  surface  to  eliminate  reflections.  The  crosses  are 
the  data  and  the  solid  curve  is  the  result  of  a  fit 
in  which  three  parameters  were  varied.  The  param¬ 
eters  are,  along  with  their  fitted  values:  Rd  =  2.5 
ft m.  the  depth  of  the  amorphous  layer;  ad  =  0.035 
pm.  the  standard  deviation  of  the  half-gaussian  used 
to  connect  the  amorphous  refractive  index  with  the 
crystalline  value;  and  nd.  the  refractive  index  of  the 
amorphous  material.  The  refractive  index  profile  is 
shown  in  the  insert  for  a  frequency  of  4000  cm  1 


The  slight  rise  in  the  average  value  of  reflectance 
with  increasing  wave  number  is  due  to  the  dis¬ 
persion  of  silicon  and  was  accounted  for  by  the 
model.  The  decrease  in  amplitude  of  the  inter¬ 
ference  fringes  with  increasing  wave  number  is 
sensitive  to  the  parameter  ad  which  governs  the 
sharpness  of  the  amorphous-layer  crystal  interface. 
Also  shown  are  the  data  (circles)  for  an  unimplanied 
sample  and  a  model  calculation  (line)  using  the 
crystalline  refractive  index. 

Figure  6  presents  reflectance  data  for  the  same 
sample  after  annealing  at  6 00  C  for  5  hours.  The 
prominent  interference  fringes  at  low  frequencies 
are  caused  by  reflection  from  the  buried  conducting 
layer  which  may  be  treated  theoretically  as  a 
damped,  free-electron  plasma.1-1  To  obtain  the 
calculated  curve  in  Figure  6.  the  dispersion  re¬ 
lations  for  a  damped  plasma  were  inserted  into  the 
thin-film  interference  code.  The  plasma  frequency 
which  enters  into  the  dispersion  relations  is  pro¬ 
portional  to  the  square  root  of  the  free-electron 
density  which  is  taken  to  be  a  gaussian  distribu¬ 
tion. 

The  solid  curve  is  not  a  lit  but  a  preliminary 
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FIGURE  5  Reflectance  spectrum  for  silcon  implanted  with  phosphorus  A  lit  using  retractive  index  profile  of  the  insert 
is  given  by  the  solid  line 
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E'lGL  RE  6  Reflectance  spectrum  for  same  sample  as  figure  5  after  annealing  Method  for  obtaining  prediction  given 
by  solid  line  is  described  in  text 


prediction.  By  varying  the  parameters  for  the 
plasma,  we  anticipate  that  much  improved  fits  will 
be  obtained. 

The  parameters  used  lor  this  predicted  curve  were 
Rp  =  2.1  /tm.  A Rp  =  0.22  /tm.  and  the  carrier 
concentration  at  the  peak  of  the  gaussian  =  0.7  x 
1020  cm3.  The  small  amplitude  fringes  at  high 
frequency  provide  information  on  the  residual 
damage  in  the  implanted  region  after  annealing. 
To  predict  these  fringes,  it  was  necessary  to  include 
a  narrow,  disordered-region  at  the  depth  of  the 
original  amorphous-layer  crystalline  interface. 


CONCLUSION 

It  may  be  said  that  interference  fringes  in  infrared 
transmission  and  reflection  spectra  resulting  from 
implantation  of  silicon  with  nitrogen  and 
phosphorus  can  be  matched  very  well  by  fitting 
with  theoretical  models  which  employ  a  multilayer 
thin-film  interference  code  Accurate  measure¬ 
ments  of  projected  ranges  of  (lie  implanted  ions  may 
thereby  by  deduced,  as  well  as  refractive  index 
profiles  resulting  from  ion  implantation.  Pre¬ 
dictions  of  the  model  for  localized  vibrational 
mode  dispersion  and  free  electron  dispersion  are 
likewise  in  good  agreement  with  the  IR  data. 
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The  effect  of  an  intense,  pulsed  electron  beam  on  high-dose  implanted  Cu  single  crystals  has  been 
studied.  Rutherford  backscattering  and  channeling  have  been  used  to  obtain  the  depth 
concentration  profiles  and  lattice  locations  of  the  implanted  species  (Au.  Ag,  and  Ta)  before  and 
after  pulsed  electron  beam  irradiation.  Channeling  and  secondary  electron  microscopy 
measurements  show  that  the  Cu  surface  melts  during  pulsed  irradiation  followed  by  an  epitaxial 
lattice  growth  resulting  in  (i)  a  redistribution  of  the  implanted  species,  (ii)  some  species  (e  g.,  Au 
and  Ag)  remaining  on  lattice  sites,  and  (iii)  Ta  leaving  substitutional  sites. 

PACS  numbers:  61.80.Fe,  64.60.My,  61.70.Tm 


This  letter  describes  the  effect  of  pulsed  electron  beam 
irradiation  on  surface  alloys  produced  by  high-dose  implan¬ 
tation  in  single-crystal  Cu.  There  is  much  current  interest  in 
the  use  of  pulsed  heat  sources(laser  and  electron  beams)  for 
treatment  of  surfaces. 1  The  metallurgical  behavior  of  surface 
layers  can  be  conveniently  studied  by  the  location  of  im¬ 
planted  species  before  and  after  a  transient  heat  treatment. 
While  many  implanted  semiconductors  have  been  studied  by 
the  technique,  there  appears  to  be  only  one  reported  mea- 
vurement  of  the  laser  irradiation  of  an  implanted  metal. : 

Ion  implantation  has  been  previously  employed  to  pro¬ 
duce  both  equilibrium  and  metastable  surface  alloys  in  Cu 
Mngle  crystals  Since  Cu  has  received  considerable  attention 


as  an  implantation  host,  it  is  desirable  to  study  the  system 
under  pulsed  irradiation.  Electron  beams  offer  an  effective 
means  of  studying  transient  heating  of  Cu  crystals  since  con¬ 
siderable  difficulties  are  experienced  in  coupling  lasers  to 
polished  Cu.  This  is  presumably  due  to  the  very  high  reflec¬ 
tivity  and  conductivity  of  Cu.  We  employed  an  electron 
beam  with  a  mean  energy  of  approximately  25  keV,  a  pulse 
duration  of  100  nsec  and  a  deposited  energy  of  2  cal/cm:  (8  2 
J/cm:).  Details  of  this  process  have  been  described  else¬ 
where.  ’  Heat-flow  calculations  were  performed  for  the  beam 
energy  deposition  conditions  described  above.  The  calcula¬ 
tions  show  that  the  Cu  melts  to  a  depth  of  approximately  4 
/tm  and  that  the  surface  stays  molten  fora  period  of  approxi- 
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BACK SCATTERED  CN£*GY  (MeV) 


FIG  l  Rutherford  backscattering  spectrum  of  1  8-MeV  incident  He'  ions 
after  high-dose  Au  implantation  into  single-crystal  copper  both  before  (a) 
and  after  (b)  electron  beam  irradiation.  The  upper  curves  (closed  circles)  are 
unaligned  (random)  spectra  and  the  lower  curves  (open  circles)  are  (110) 
aligned  channeling  spectra 


mateiy  750  nsec.  The  liquid  interface  regrows  with  a  velocity 
of  approximately  10  m/sec  and  the  quench  rate  of  the  molten 
surface  layer  is  about  109  K/sec.  Initial  experiments  demon¬ 
strated  that  the  deposited  energy  needed  to  produce  surface 
melting  in  copper  was  appreciably  higher  than  that  needed 
for  silicon,  presumably  due  to  the  higher  thermal  conductiv¬ 
ity  of  the  single-crystal  copper. 

Figure  1  shows  the  channeling  and  backscattering  spec¬ 
trum  of  Au  implanted  into  single-crystal  Cu  [crystal  normal 
5°  from  ( 110)]  to  a  peak  concentration  of  approximately  5% 
obtained  using  a  1.8-MeV  incident  He'  ion  beam  and  an  an¬ 
nular  solid  state  detector  positioned  at  a  mean  angle  of  175”. 
After  electron  beam  irradiation,  two  significant  features 
arise.  First,  the  crystallinity  of  the  Cu  surface  region  has 
been  markedly  improved  as  evidenced  by  a  significant  de¬ 
crease  in  the  channeling  yield.  Second,  the  Au  has  remained 
substitutional  but  has  diffused  significantly  into  the  host  ma¬ 
trix.  For  example,  the  width  (FWHM)  of  the  Au  peak  in  the 
unirradiated  samples  corresponds  to  about  480  A  whereas 
after  irradiation  the  width  increases  to  840  A.  A  movement 
of  360  A  in  750  nsec  implies  a  diffusivity  of  about  2X  10  ' 
cmVsec, which  is  in  accord  with  published  values  of  metallic 
liquid-state  diffusivities.4 

The  effect  of  the  pulsed  irradiation  is  graphically  dem¬ 
onstrated  in  the  secondary  electron  microscopy  SEM  pic¬ 
ture  of  the  Au-implanted  Cu  taken  both  before  and  after 
electron  beam  irradiation.  Figure  2(a)  shows  the  boundary 
between  the  implanted  and  unimplanted  Cu  surface.  The 
sputter-induced  surface  ripples  in  the  implanted  region  are 
believed  to  be  due  to  disloction  structures  lying  parallel  to 
the  surface  of  the  Cu.'  Figure  2(b)  shows  the  same  region 
after  electron  irradiation.  The  surface  is  now  completely  flat 
except  for  a  surface  Cu  ball  included  for  comparison.  These 
balls  are  few  in  numbers  and  are  believed  to  originate  from 
local  hot  spots.  We  believe  the  SEM  and  channeling  indi¬ 
cates  that  epitaxial  regrowth  has  taken  place  from  the  liquid 
phase. 

!t  is  not  surprising  that  Au  remains  substitutional  after 
565  Appl.  Phys  Lett.,  Vol  36,  No  7.  1  April  I960 


FIG.  2.  Secondary  electron  microscopy  pictures  of  Au-implanted  Cu  sur¬ 
faces  both  before  (a)  and  after  (b)  electron  beam  irradiation  (a)  shows  the 
boundary  between  the  implanted  (lower  left) and  unimplanled  (upper  right) 
regions,  (b)  shows  the  smooth  epitaxially  regrown  layer  after  electron  beam 
irradiation,  with  a  copper  surface  ball  included  for  comparison 

pulsed  irradiation  since  Au  and  Cu  form  substitutional  solid 
solutions  for  alt  compositions.  The  Ag-Cu  system,  however, 
ordinarily  shows  very  limited  solid  solubility.  Earlier  experi¬ 
ments  have  shown  that  implantation  of  Ag  into  Cu  results  in 
highly  substitutional  lattice  positions'1  and  when  such  Ag- 
implanted  samples  are  irradiated  with  pulsed  electron  beams 
the  Ag  remains  highly  substitutional  in  a  metastable  solid 
solution.  Metastable  solid  solutions  of  Ag-Cu  were  first  pro¬ 
duced  by  Duwez  etal.  in  the  first  splat  cooling  experiments.1 
In  those  experiments  the  quench  rates  were  approximately 
106  K/sec  whereas  quench  rates  in  the  present  experiment 
are  calculated  to  be  about  109  K/sec. 

An  even  more  extreme  example  of  elements  having 
limited  solubility  is  given  by  TA  and  Cu.  They  are  virtually 
insoluble,  even  in  the  liquid  phase.  However,  Ta  implanted 
Cu  again  demonstrates  high  substitutionality  at  low  doses. 

F  or  example,  Fig.  3(a)  shows  the  backscattering  spectra  for 
Ta  implanted  into  Cu  to  a  concentration  of  approximately  5 
at.  %.  The  observed  attenuation  of  the  implanted  Ta  indi¬ 
cates  that  it  is  highly  substitutional  following  implantation. 
Following  pulsed  irradiation,  however,  the  Ta  shows  no  sig¬ 
nificant  sign  of  long-range  order  (substitutionality)  in  the 


BACKSCATTERED  ENERGY (Mev) 

FIG.  3.  Rutherford  backscattering  spectrum  of  I  8-MeV  incident  He'  urns 
after  high-dose  Ta  implantation  into  single-crystal  copper  both  before  (a) 
and  after  (b)  electron  beam  irradiation.  The  upper  curves  (closed  circles)  are 
unaligned  (random)  spectra  and  the  lower  curves  (open  circles)  are  ( 1 10| 
aligned  channeling  spectra, 
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channeling  spectrum  (Fig.  3(b)].  These  results  indicate  that 
the  quench  rate  is  not  sufficient  to  retain  the  implanted  Ta  in 
substitutional  lattice  positions.  The  implanted  Ta,  however, 
conies  off  of  substitutional  lattice  sites  along  with  some  re¬ 
distribution  of  the  concentration  profile.  This  change  of  lat¬ 
tice  site  can  be  explained  either  by  the  formation  of  Ta  pre¬ 
cipitates  in  the  liquid  or  solid  phase.  Since  Ta  is  immiscible  in 
both  the  liquid  and  solid  phase  it  is  not  expected  to  show 
significant  zone  refining  to  the  surface.  Higher-dose  implan¬ 
tations  of  Ta  in  Cu  (10' 7  Ta/cnr )  produces  an  extremely 
thin  surface  Ta-Cu  alloy  which  has  previously  been  found  to 
be  amorphous.'’  Electron  irradiation  of  this  layer  causes  en¬ 
richment  of  theTa  at  or  near  the  surface  with  an  accompany¬ 
ing  recovery  of  the  Cu  crystallinity.  However  there  is  no 
evidence  of  Ta  substitutionality. 

Attempts  were  also  made  to  use  pulsed  electron  beams 
to  alloy  films  of  vacuum-deposited  Ag,  Au  and  Ta  with  an 
underlying  Cu  single-crystal  substrate.  These  deposited 
films  all  showed  severe  adhesion  problems  upon  irradiation 
with  only  a  small  fraction  ( <  10%)  of  the  film  remaining  on 
the  Cu  substrate,  with  no  significant  interaction  with  the 
underlying  substrate. 

In  conclusion,  following  the  pulsed  electron  beam  irra¬ 
diation  of  implanted  copper  a  high  degree  of  subtitutionality 
is  found  for  Au  (an  element  having  an  inherently  high  solu¬ 
bility)  and  for  Ag  (an  element  which  forms  metastable  solid 


solutions).  Ta,  an  element  ininuviiilv  in  <  u,  comes  out  of 
solution  and  presumably  precipi1  lies  These  differences  m 
behavior  are  thought  to  be  ass<s.t  tied  with  the  difference  of 
the  effective  quench  rales  associated  with  (i)  ion  implanta 
tion  (  -  10IJ  K/sec)  and  (u)  regrowth  from  the  melt  (  -  10" 
li/sec).  The  deposited  thm-film  results  also  point  tothe  use¬ 
fulness  of  employing  ion  implantation  rather  than  deposited 
coatings  for  studying  mtermetallic  interactions  under  such 
rapid  thermal  treatments. 
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